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INTRODUCTION 
Inoculation of soybeans with Rhizobium japonicum was 
essential for nodulation and efficient production of soybeans 
when they were first grown in Iowa. Soybean rhizobia were 
not indigenous to Iowa; they have become established in many 
Iowa soils by unintentional (rhizobia carried by wind, water 
or seed) or by intentional inoculation. Today, the challenge 
is to provide more efficient strains, meaning greater ability 
to fix atmospheric nitrogen. Inoculation techniques must 
enable the introduced strains to compete favorably with the 
naturalized soil strains to form the nodules of soybeans if 
seed yield is to be increased. 
The distribution and efficiency of R. japonicum strains 
in Iowa soils has been largely unknown. The more inefficient 
the strains, the greater the need for inoculation. Tests 
can be made on isolates from nodules to determine the level 
of efficiency. But such tests are costly and are usually 
limited to seedling growth. Using serologically identified 
isolates, the results of efficiency tests could be combined 
with information on distribution of serogroups (a group of 
isolates agglutinated by antiserum prepared against a single 
strain) in Iowa soils, to better estimate the efficiency of 
rhizobial strains in Iowa soils. 
Inoculation techniques have disregarded the size of the 
soil population of rhizobia. As a result, in many soils 
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efficient strains of rhizobia in the inoculum are supplied in 
numbers smaller than those already present in the soil and 
the inoculated rhizobia from few, if any, of the nodules. In 
soils with large rhizobial populations, the price of the 
inoculum ($1.00 to $2.00 per hectare or $.40 to $.80 per 
acre) may be lost. Many farmers have been content with the 
idea that they have "insured" against the possibility that the 
soil contained few or no effective rhizobia (ability to form 
nodules). Is it possible that adequate inoculation could 
result in changes in nodule rhizobia even with high numbers 
of soil rhizobia? 
The objectives oi the studies presented in this disserta­
tion were : 
1) To develop a method by which the native populations 
of rhizobia could be determined in a routine manner 
and to determine the populations of soybean rhizobia 
in some Iowa soils. 
2) To determine the populations of rhizobia in the 
inoculum needed to give both earlier and more abundant 
nodulation than would be obtained without inoculation. 
3) To determine the variability among isolates within 
serogroups and the efficiencies of some strains of 
R. japonicum present in Iowa soils. 
4) To develop a quantitative basis for inoculation by 
considering both the size of the soil population 
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and the number of rhizobia in the inoculum needed 
to form a certain percentage of the soybean 
nodules. 
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REVIEW OF LITERATURE 
Populations of Rhizobium japonicum in Soil 
Counting technique 
The "most probable number" (MPN) method has been used for 
counting soil rhizobia because a selective medium suitable 
for making plate counts of rhizobia has not been developed. 
Wilson (1926) was the first to introduce the use of the MPN 
method for counting rhizobia. The formation of nodules on 
suitable plants was used to indicate the presence or absence 
of rhizobia in a given dilution of the soil being counted. 
Unfortunately, Wilson (1926) did not present evidence on the 
accuracy of his method. 
By using replications of each container inoculated with 
a given dilution, Purchase and Nutman (1957), Tuzimura and 
Watanabe (1961), Date and Vincent (1962), Brockwell (1963), 
and Clark (1965) have shown that the MPN of rhizobia calcu­
lated by using statistical formulae is within sampling error. 
The concepts of the MPN method and the necessary statistical 
formulae are given by Finney (1947), Cochran (1950), Fisher 
and Yates (1953), and Alexander (1965). 
Wilson (1926) used rhizobia free soil as the growth 
medium for the indicator plants. The more recent workers have 
used sand, gravel, vermiculite or combinations of these as 
supporting medium for the plants. In some cases for small 
seeded legumes, agar slants or a liquid medium were used to 
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grow the plants in. Jars or test tubes were used as containers 
by the above workers and the plants were grown in either the 
greenhouse or in growth chambers. 
The effect of the host plant 
Fields that have never grown inoculated soybeans may be 
void of the soybean rhizobia (Wilson, 1933; Nash and Moerman, 
1967; Diatloff, 1969). Recently Ham (1967) observed that 
uninoculated soybeans grown in an Iowa field for the first 
time had from 1 to 2 nodules per plant. Nash and Moerman 
(1967) and Diatloff (1969) reported that in their respective 
countries of Rhodesia and Australia, soybeans must be inoc­
ulated to get nodulation on fields where soybeans have not 
been grown previously but Tuzimura and Watanabe (1960a) 
found that a native forest in Japan contained approximately 
100 R. japonicum per gram of soil. 
Fifty fields that had supported well-nodulated soybeans 
were observed by Wilson (1933) to have from fewer than 1 to 
500 R. j aponicum per g of soil. Twenty-three of the fields 
sampled contained fewer than 1 soybean rhizobium per g of 
soil. A location that had not grown soybeans for 25 years 
and another location that had not grown soybeans for 2 years 
had respectively 500 and less than 1 R. japonicum per g of 
soil. Wilson (1926) concluded that the number of years since 
the last soybean crop and the population of R. japonicum 
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were not correlated, 
Tuzimura and Watanabe (1960a) and Nash and Moerman 
(1967) obtained higher counts of rhizobia in field soils than 
did Wilson (1933). Tuzimura and Watanabe (1960a) counted 
50,000, 3,000, and fewer than 4 soybean rhizobia per g 
of soil for 3 fields that were out of soybeans 1, 2 and 
20 years respectively. Nash and Moerman (1967) checked 2 
fields for soybean rhizobia 3 and 9 months after the soy­
beans were harvested. One field contained 10,000 and 
10 million rhizobia per g of soil respectively for each 
sampling. The other field contained 100,000 R. japonicum 
per g of soil at both samplings. 
The soybean plant has not been observed to specificly 
stimulate the rhizosphere populations of R. japonicum 
(Date 1962; Peters and Alexander 1966; Diatloff 1969). Peters 
and Alexander (1966) found that soybean exudates did not 
stimulate growth of R. j aponicum more than exudates from 
other legumes. The population of R. j aponicum in the rhizo­
sphere of sand grown oats, barley, wheat, peas, jupin, and 
soybeans were similar (Diatloff 1969). 
When the nodules on the roots of legumes decayed, the 
population of rhizobia in the soil was raised (Wilson, 1933; 
Tuzimura and Watanabe, 1960b). A well nodulated crop of 
soybeans has been estimated by Wilson (1933) to add approxi­
mately 1,200 kg/ha of nodule tissue to the soil each year 
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the crop is grown. Mixing crushed nodules with soil raised 
the soil population from 100 to 10,000 soybean rhizobia per 
g of soil (Wilson 1933). A similar increase was observed 
when soybeans were grown in the field and the nodules were 
allowed to decay naturally. 
The effect of soil pH 
Soil pH is virtually the only soil property that has been 
studied for its effect on the population of R. j aponicum in 
the soil. Mr. Albertz as reported by Russell and Morrison 
(1920) found that soybean rhizobia are capable of living in 
soil of strong acidity for at least 17 years. Wilson 
(1933) found that neither soil pH nor the moisture percentage 
(only report of a soil property other than soil pH checked 
for correlation with soil populations of R- j aponicum) at 
the time of sampling was correlated with the populations of 
R. j aponicum in 50 fields. The soil pH ranged from 5.0 -
8.2 and the moisture content of the soil samples ranged from 
8  -  2 5 % .  
Nash and Moerman (1967) tested 2 acidic soils for the 
effect of liming on the survival of 4 strains of soybean 
rhizobia. Inoculum was added at a rate of approximately 100 
million cells per g of soil to 60 g of soil placed in nylon 
mesh bags that were subsequently buried in the field. The 2 
soils were limed from pH 5.0 to 6.1 and pH 5.2 to 6.5 
8 
respectively. Liming had no effect on recovery of R. 
japonicum at either the 2 week or 14 week incubation period 
as determined by plate counts. After 2 weeks and 14 weeks 
incubation, the percentage of viable cells based on the 
number added was respectively 48% and 106% for one soil and 
was respectively 17% and 18% for the other soil. The range 
of survival between the 4 strains at 2 weeks and 4 weeks 
was respectively 48% - 182% and 17% - 80% with the percentages 
being based on the numbers recovered divided by the numbers 
added. 
Studies by Damirgi, Frederick, and Anderson (1967) 
showed that 2 strains of R. japonicum varied in their abili­
ties to grow in 7 soils ranging from pH 6.1 to 8.2. An 
initial inoculum of approximately 600 million cells per g 
of sterile soil was added followed by 2 weeks of incubation 
prior to sampling. Following incubation, there were approxi­
mately 200 cells of each strain per g of the pH 8.2 soil but 
in the pH 6.1 soil there were 188 and 20 cells of each strain 
per g of soil. 
Numbers of R. japonicum Needed 
for Best Modulation 
Increasing the level of inoculum added to rhizobia free 
soil resulted in better nodulation (Erdman and Wilkins, 1928). 
Perkins (1925) found that increasing the inoculum size from 
10 to 100 rhizobia per seed resulted in 63% and 100% 
9 
respectively, of the plants being nodulated. Three nodules 
and 7 nodules were formed per plant for each level respective­
ly. Increasing the inoculum level above 100 per seed did 
not increase the nodule number. 
Burton and Curley (1967) found that thousands of R. 
japonicum must be added per seed to get tap root nodulation 
of soybeans. Lesser amounts of inoculum resulted in abundant 
nodulation on the lateral roots of soybeans grown in the 
growth chamber but small amounts of inoculum failed to produce 
good nodulation in the field. 
Importance of Nodule Mass 
The combined conclusion of reviews on nodule mass by 
Fred et al. (1932), Masefield (1958), and Nutman (1965) is 
that with a strain of efficient rhizobia the amount of nitrogen 
fixed is correlated positively with nodule mass. Chan (1968) 
working with soybeans in the greenhouse found that 60 mg 
and 400 rag of nodule tissue resulted in respectively 5 mg 
and 20 mg of nitrogen being fixed symbiotically for each 
nodule mass. Hardy et al. (1968) found that the "nitrogenase" 
activity of soybean roots increased with increasing nodule 
mass. 
For efficient strains of R. j aponicum Dobereiner et al. 
(1966) reported that the level of micronutrients, lime, 
fertility, pH, soil temperature, and the variety of soybean 
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affected the number and size of nodules, but that the amount 
of nitrogen fixed per unit of nodule tissue remained constant. 
Nitrogen was found to depress the amount of nitrogen fixed 
per unit of nodule tissue. Dobereiner et al. (1966) used 
single linear regression analysis and a comparison of 
regression coefficients to arrive at the above conclusions. 
Effect of Nitrogen on 
Nodule Mass 
Nitrogen generally has a negative affect on nodulation. 
In a review of early work done on nodulation, Fred et al. 
(1932) cites numerous investigators that noted a reduction of 
nodule numbers on soybeans when nitrogen was present in the 
growth medium. Weber (1966b) applied 56, 112, and 162 kg 
of N/ha to soybeans. No effect on nodulation was observed 
for the lowest rate but nodule numbers were reduced from 
55 to 51 and 40 per plant for each of the higher rates 
respectively. Nodule weights were reduced from 1.0 to 0.8 
and 0.6 g per plant respectively for the two higher rates of 
N application. 
The length of time after planting that nodule measure­
ments were made influenced the observed differences between 
nitrogen treatments (Lyons and Barley, 1952). Rates of 0, 39, 
78, and 156 kg of N per ha were used in the studies by 
Lyons and Earley (1952). In August, 20, 6, 4, and 4 nodules 
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per plant were present but in September 17, 18, 14 and 4 
nodules per plant were present for each nitrogen rate 
respectively. The relative change in nodule number between 
nitrogen rates for each sampling was attributed to depletion 
of nitrogen in the root environment. Nodules were smaller 
with increasing rates of nitrogen application. 
Van Shreven (1958) reported that nitrogen could reduce 
nodulation without being at the site of nodule formation. 
Peas sprayed with a urea solution and grown in a nitrogen 
free medium formed less nodule mass than plants not sprayed 
with the solution. However, Van Shreven (1958) reported that 
other workers found that nitrogen had to be at the site of 
nodule formation in order to inhibit nodulation. 
Host Control over 
Nodulation 
The maximum nodule number formed was reported by 
Nutman (1969) to be controlled by the host. Clover roots 
had discrete foci at which infection took place and the 
number of such foci available for infection at a given time 
was limited (Purchase and Nutman 1957). 
Nodulation in soybeans was found to be controlled 
by a single recessive gene (Williams and Lynch, 1954; Weber, 
1966a). Caldwell (1966) reported that the nitrogen fixing 
capacity of the symbiotic system in Hardee variety soybeans 
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was controlled by a single dominant gene in the plant. 
Root grafting experiments with soybeans performed by Tanner 
and Anderson (1963) and Caldwell (1956) showed that the soy­
bean root contained the nodulating factor. Clark (1957) 
found that the roots of both nodulating and nonnodulating 
soybeans were able to sustain a population of R. japonicum. 
Therefore, lack of nodulation in nonnodulating lines 
could not be attributed to the absence of rhizobia. 
Nicol and Thornton (1941) and Clark (1957) reported 
that different strains of R. japonicum varied in the number 
of nodules formed on a given soybean variety. Two strains 
of rhizobia produced 247 and 129 nodules per pot respectively 
on the same variety of soybean (Nicol and Thornton, 1941). 
Relative Efficiencies among Strains 
of R. japonicum 
Differences between the symbiotic nitrogen fixing 
abilities of rhizobia is well documented (Wright, 1925a; 
Boyes and Bond, 1942; Damirgi, 1963; Abel and Erdman, 1964; 
Caldwell et al., 1966; Ham, 1967; and Sloger, 1969). 
Wright (1925b) performed inoculation trials for 3 consecu­
tive years in the greenhouse and in the field with 6 strains 
of R. j aponicum. The 3 year average across the 4 most 
efficient strains and across the 2 poorest strains for amounts 
of nitrogen fixed in the greenhouse was respectively 35 
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and 25 mg per plant. In the field the corresponding 
averages were 300 and 130 mg of nitrogen per plant. Abel 
and Erdman (1964) reported that 2 strains of R. japonicum 
used as inoculum for soybeans planted in a rhizobia free 
soil resulted in 3,178 and 1,563 kg of seed per ha. 
Boyes and Bond (1942) , Damirgi (1963) , and Caldwell 
et al. (1966) observed that some strains of R. j aponicum 
did not maintain the same relative efficiency on all varieties 
of soybeans. Damirgi (196 3) reported that for Hawkeye 
and Harosoy variety soybeans, 1 strain of rhizobia fixed 
respectively 2 and 17 mg N per plant for each variety while a 
second strain fixed respectively 132 and 92 mg N per plant 
for each variety. 
Chen and Thornton (1940) attributed the differential 
efficiency between strains of rhizobia to be due to variation 
in the amount of bacterial tissue per nodule and to the 
active life of the nodule. For peas, clover, and soybeans, 
the efficient strains of rhizobia had approximately 5 
times more bacterial tissue per nodule and 2 times more 
plant infected cells than did poorly efficient strains. 
Breakdown of soybean nodules formed by an inefficient strain 
began at 4 weeks and was complete by 12 weeks whereas the 
nodules formed by an efficient strain were still functioning 
at 12 weeks. 
Some inefficient strains of R. japonicum formed similar 
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quantities of nodule tissue on soybeans as did efficient 
strains (Caldwell et al., 1966 and Sloger, 1969). Two 
strains of soybean rhizobia that formed 1.4 g and 1.5 g of 
nodules per plant were observed by Sloger (19 69) to have a 
nitrogen fixing activity of 13 and 3 units of nitrogen per 
hour for each nodule mass respectively. 
Umbreit (1944) reported that Allen and Baldwin found 
that efficient strains of R. japonicum became inefficient 
after several plant passages. Umbreit (1944) estimated 
that 25%, 50% and 25% of R. japonicum strains in Wisconsin 
soils were good, fair, and poor, respectively. 
Competition between Strains of 
Rhizobia for Nodule Sites 
Inoculation of soybeans planted on land containing R. 
japonicum resulted in from 0 to 100% of the nodules being 
formed by the inoculum strain (Johnson and Means, 1964; 
Johnson et al., 1965; and Ham, 1967). All of the nodules on 
field grown soybeans were determined to be of the inoculum 
type by Johnson and Means (1964) and Ham (1967) when fewer 
than 3 nodules per plant were on the uninoculated plants. 
However, less than 10% of the nodules were formed by the 
inoculum strain when the uninoculated control was well 
nodulated and the commercial rate of inoculation was used 
(Johnson et al., 1965). By increasing the inoculum size to 
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800 times the commercial rate some inoculum strains of 
R. japonicum formed up to 50% of the nodules (Johnson et al., 
1965). Burton (1967) reported that approximately 73,000 
rhizobia were supplied per seed by the commercial rate of 
inoculation. 
Johnson et al. (1965) found that the recovery of inoculum 
strains in the nodules of soybeans was higher in a green­
house experiment than it was in the field. The field ex­
periment was performed during the summer but soil was 
collected in the winter from the same field for the green­
house experiment. 
The percentage of soybean nodules formed by a given 
strain in a mixed inoculum was seldom the same as the 
percentage of the given strain in the inoculum (Nicol and 
Thornton, 1941; Means et al., 1961; Date, 1962; Damirgi, 
1963; Johnson and Means, 1964; Ham, 1967). Two strains of 
R. j aponicum added as inoculum to soybeans in the ratio of 
53 to 47 were reported by Means et al. (1961) to form 
respectively 4 and 96% of the nodules. 
Johnson and Means (1964) observed that strains of 
soybean rhizobia tested in the greenhouse for relative com­
petitiveness had the same relative competitiveness to each 
other when used as inoculum for soybeans planted in rhizobia 
free soil in the field. However, Johnson et al. (1965) 
found that strains previously shown to be of similar 
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competitiveness in the greenhouse did not maintain the same 
relationship when added to soils with established populations 
of R. japonicum. For instance, 2 strains of lower competi­
tiveness than a third strain in the greenhouse formed 
82% and 8% of the nodules on soybeans in competition against 
a native population in the field. The third strain formed 
less than 3% of the nodules. Tests of the 3 inoculum 
cultures showed that the strains were all added in similar 
amounts. Johnson et al. (1965) suggested that the 2 strains 
showing poor recovery in the field may not have survived 
in the soil following inoculation. 
Factors Affecting Competitiveness 
of Strains 
Caldwell and Vest (1968) reported that a given soybean 
genotype has a selective preference for the strain of rhizobia 
that nodulates it. Closely related soybean genotypes showed 
no interation with the bacteria. The varieties Peking and 
Hawkeye 63 when grown in the field had wide differences in 
percentages of the nodules formed by different strains. 
Strains reacting positively to antiserum against Beltsville 
strain 110 formed 0.3% and 38.3% of the nodules for each 
variety respectively. In the laboratory, strains of 
110 effectively nodulated the Peking variety. 
Nicol and Thornton (1941) proposed that the differential 
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ability of strains to compete for nodule sites was due to 
their ability to dominate the hosts rhizosphere bacterial 
population. They found that addition of related strains of 
rhizobia to the hosts rhizosphere in approximately equal 
numbers resulted in the strain that formed the majority of 
the nodules completely dominating the rhizosphere population 
ot bacteria. The same effect was observed in broth cultures 
when the strains were mixed. 
Robinson (1969), Date (1952), and Vincent and Waters 
(1953) found that complete dominance of the hosts rhizo­
sphere was not the determining factor as to which strain 
formed the majority of the nodules. Date (1962) found that 
when 1 strain of R. japonicum made up 39% of a mixed inoculum 
at the time of inoculation and had increased to 79% and 
55% of the mixture respectively at 5 days and 33 days 
after inoculation it only formed 16% of the plants nodules. 
Serotyping of R. japonicum 
The serological agglutination reaction has proven 
to be an excellent tool for identifying strains of R. 
japonicum (Wright, 1925a; Date, 1962; Date and Decker, 1965; 
Damirgi, 1963; Ham, 1967; Means and Johnson, 1968; and 
Means et al., 1964). Eight isolates of soybean rhizobia were 
put into 6 groups by Wright (1925a) based on the titres of 
crossreactions among strains. For instance, 2 strains 
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showed the same titre of reaction with a given antiserum 
but when reacted with antiserum prepared against another 
strain they crossreacted at different titres (5,000 vs 
1,000). 
Date (1962) and Means et al. (1964) developed the "quick" 
test for the serological identification of soybean rhizobia 
in nodules. They found that antisera prepared against 
pure cultures of R. japonicum would agglutinate specific 
bacteriods released from soybean nodules. The bacteriods 
ware released by crushing the nodules in saline. Aggluti­
nation reactions for culture and nodule antigens were identi­
cal for 15 out of 17 strains investigated by Means et al. 
(1964). 
The report made by Hughes and Vincent (1942) that 
only one strain of rhizobia has been found in individual 
nodules is crucial to the usefulness of the above test in 
identifying rhizobial strains in nodules of plants that 
have been inoculated with mixed strains of rhizobia. 
Specificity of Rhizobiophage 
A strong association between antigenic properties of 
R. japonicum and its phage has been reported by Kowalski 
et al. (1967). From work with phage and soybean rhizobia 
isolated from Iowa soils, Kowalski et al. (1967) made the 
following observations: 1) Phage against stock strains 
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of R. japonicum were isolated from soil samples only when 
the strains of rhizobia present in the soil were in the 
same serogroup as the stock strains the phages were 
multiplied on; 2) Only 50% of the field isolates of R. 
japonicum that gave positive agglutination reactions against 
antisera prepared against the stock strains were lysed by 
phage against the stock strains; 3) Isolates of R. j aponicum 
rarely reacted with phage against a stock strain in a dif­
ferent serogroup. Kowalski et al. (1967) proposed that 
phages could be used as a more specific tool for classifi­
cation of R. japonicum within serological groups. 
Marshall and Vincent (1954) found that out of 64 
cultures of R. trifolii tested, 31 gave a positive aggluti­
nation reaction to antiserum prepared against a stock strain 
of rhizobia but only 13 of 31 isolates were lysed by phage 
against the stock strain. The phage did not react with 
any of the isolates giving a negative agglutination reaction. 
20 
MATERIALS AND METHODS 
Materials 
Rhizobium japonicum cultures 
Pure cultures of R. japonicum Beltsville strains 3, 31, 
71a, 110, 117, 123, 127, 129, 135, and 138 were obtained 
from Dr. B. E. Caldwell^. The cultures given in Table 
31 were isolated by the author from nodules of field grown 
soybeans (Glycine max). 
Rhizobiophaqe cultures 
Stock cultures of R. japonicum phages SB-1(3), SB-4(31), 
SB-8(110), 83-9(117), SB-11(123), and SB-14(135) were ob-
2 tained from Dr. M. Kowalski . The number in parenthesis 
following the phage designation is the Beltsville strain of 
rhizobia, given above, on which the phage was isolated. 
Phage showing confluent lysis on R. j aponicum strain 71a 
was obtained from Dr. D. Kulinska^. 
^Dr. B. E. Caldwell, Crops Research Division, Agri­
cultural Research Service, United State Department of 
Agriculture, Beltsville, Maryland. 
2 Dr. M. Kowalski, Department of General Microbiology, 
Maria Curie-Sklodowska University, Lublin, Poland. Formerly 
a post doctorate fellow. Agronomy Department, Iowa State 
University, Ames, Iowa. 
^Dr. D. Kulinska, Department of Agricultural Microbiology, 
Warsaw Agricultural University, Warsaw, Poland. Formerly 
a post doctorate fellow. Agronomy Department, Iowa State 
University, Ames, Iowa. 
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Rhizobium j aponicum culture media 
Agar medium Modified medium "79" as described by 
Wright (1925a) was used for plate counts of rhizobia and 
for agar slants. The composition of the medium consisted 
of 10 g mannitol, 0.5 g 0.2 g MgSO^.VH^D, 0.1 g NaCl, 
1.0 g yeast extract (Difco Bacto-Yeast Extract) 0.1 g 
CaCO^, and 11.0 g agar (Difco Bacto-Agar^) for plating or 
15.0 g agar for slants. 
Broth medium The broth medium used for growing 
rhizobia in these studies was modified medium "5" described 
by Laird (1932). The medium composition was 0.5 g K^HPO^, 
0.2 g MgSO^'TH-O, 0.2 g NaCl, 0.5 g CaCO^, 1.0 g yeast 
extract (Difco Bacto-Yeast Extract), and 1000 ml of distilled 
water. The excess CaCO^ was allowed to settle out of the 
solution and the clear supernatant was then siphoned off. 
Phage culturing media 
Agar medium For phage typing of R. j aponicum 
isolates and to determine the titre of phage, a modified 
double agar layer method described by Adams (1959) was used. 
The culture medium was similar to medium "79" described 
above for culturing rhizobia, but was modified to contain 
0.1 g of casamino acids. The agar concentration was adjusted 
^Difco Laboratories, Detroit, Michigan. 
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so that the upper layer of medium contained 0.7% agar and 
the base layer contained 1.5% agar. 
phage was made by addition of 0.1 g of casamino acids to 
medium "5" described above for culturing rhizobia. 
Plant nutrient solution 
The nutrient solution used for growing plants in the 
greenhouse and growth chamber was similar to the one used 
by Specht et al. (1956). Preparation of the nutrient 
solution was accomplished by mixing 1 ml of each solution 
given below into 1 & of distilled water and adding 0.19 g 
of CaS0^'2H20. The solutions were added in the order given 
Broth medium The broth medium used for culturing 
below. 
Solution No. 1 : MgCl2'6H20 178.2 g 
MgS0^.7H0 256.5 g 
Distilled water 1000 ml 
Solution No. 2: K^HPO^ 164.7 g 
82.4 g 
Distilled water 1000 ml 
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Solution No. 3: Sequestrene^ 138 
(chelated Fe) 20 g 
Distilled water 1000 ml 
Solution No. 4: MnCl2* 411^0 7.24 g 
5.72 g 
CuSO^-SH O 9.32 g 
ZnSO^-VH 0 0.44 g 
Na^MoO^.2H2O 0 . 2 5  g 
Distilled water 1000 ml 
Chemicals 
All chemicals were reagent grade unless specified, 
otherwise. 
Storage of nodules 
Nodules were washed free of the support medium and 
placed in capped vials for storage. The vials containing 
nodules were stored in a freezer at approximately -30 C. 
Sometimes whole plant roots were washed and put in the 
freezer for storage until such time as the nodules could be 
removed. Nodules were never left at room temperature for 
more than 16 hours after the plant tops were removed. 
^Geigy Chemical Corporation, Ardsley, New York. 
Methods 
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The nodules were kept submerged in water if they were 
exposed to above freezing temperatures for more than a few 
minutes. 
Serology 
Antisera production Antigens were prepared for anti-
sera production by growing the desired strain of R. japonicum 
in medium "5" at 2 8 C to a concentration of approximately 
8.5 million cells per ml. The cells were centrifuged and 
resuspended in 0.85% NaCl for intravenous injection into 
the external marginal ear veins of white adult rabbits. 
The concentration of the inoculum injected into the rabbits 
was approximately 500 million cells per ml. An injection 
schedule of 1 ml the first day, 2 ml the second day, 3 ml 
the third day, and 4 ml the fourth day was followed. The 
rabbits were rested for 1 week following the fourth injection 
before a booster injection of 2 ml was given. Three days 
after the booster injection 50 ml of blood was taken from 
each rabbit by cardiac puncture. The rabbits were rested 
for 10 days after the first bleeding and then given another 
booster injection of 2 ml. Three days after this second 
booster reaction, a terminal bleeding of the rabbits was 
done by cardiac puncture. The blood was allowed to clot 
for 2 hours at room temperature. After clotting, the blood 
was placed for 24 hours in a refrigerator at 4 C to promote 
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clot contraction. The serum component was obtained by 
centrifugation, after clot contraction at 2000 x g for 
30 minutes. Generally, the antisera had an agglutination 
titre of 6,000 to 10,000. The antisera was stored at 
approximately -30 C. 
Agglutination reactions All agglutination reactions 
were carried out at 52 C in a water bath. The reactions 
were found to be complete within a 2-1/2 hour incubation 
period. Disposable plastic trays with 0.15 ml capacity 
wells were used as reaction containers. Four drops of 
antigen suspension containing approximately 500 million 
cells per ml and 1 drop of the appropriate antiserum was 
added to each well. 
Statistical analyses 
The methods given by Steel and Torrie (1960) were used 
in all statistical analyses. Dr. D. Jowett^ served as a 
consultant on the actual methods used and set up computer 
programs for many of the analyses. 
Plant analyses 
Plant tops were placed in perforated paper bags and 
dried in a forced draft oven for 48 hours at 65 C prior to 
^Dr. D. Jowett, Statistics Department, Iowa State 
University, Ames, Iowa. 
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dry weight determinations. When nitrogen determinations 
were made, the dried plant tops were ground in a Wiley Mill 
to pass a 20-mesh sieve. The micro-Kjeldahl procedure 
given by Perrin (1953) was used on the ground samples to 
determine their nitrogen content. 
Soil analyses 
Moist samples were passed through a 2 mm screen and 
thoroughly mixed. After mixing, approximately 1 & of each 
soil was put into individual plastic bags which were then 
sealed with a rubber band to prevent the sample from drying. 
In some cases, the samples were dried at room temperature 
for 24 hours to reduce the moisture content so that they 
could be screened. 
Physical The percent sand, silt and clay was 
determined by the hydrometer method as outlined by Moodie 
et al. (1963). Organic matter was destroyed prior to soil 
dispersion by addition of 6% ^2'^2' 
Chemical Organic matter percentage of soils was 
determined by the vjet oxidation method of Russel (196 7) . 
Soil pH was determined by the method suggested by Russel 
(1967) using a 2:1 water to soil ratio. 
All soil analyses for mineralizable nitrogen, extract-
able phosphorus, and extractable potassium were done by the 
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Iowa State University Soil Testing Laboratory. Mineral-
izable nitrogen was determined by the method of Waring and 
Bremrter (1964) . Phosphorus was extracted by using the 
Bray No. 1 phosphorus extractant and the concentration of 
phosphorus was determined colorimetricly. Potassium 
was extracted with ammonium acetate and the concentration 
of potassium in the extractant was determined with a flame 
photometer. Nitrate nitrogen was measured with an Orion 
nitrate specific ion electrode following the method of 
Bremner et al. (1968). 
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EXPERIMENTAL PROCEDURES, RESULTS AND DISCUSSION 
Development of Pouch Method for Most Probable 
Number Counts of Rhizobium japonicum 
Experimental procedures 
Method The assembly of Dispo Growth Pouches^ for 
growing soybeans to be used for MPN (most probable number) 
counts was as follows: 
1) Pouches were placed singly in the slots of record 
racks designed to hold 60, 45 rpm records. The 
record racks were 38 cm long x 18 cm wide x 14 cm 
high. A wire was soldered around the circumference 
of the record rack about 7 cm above the base to 
help hold the pouches securely. 
2) A plastic drinking straw was placed vertically 
near the inside edge of each pouch to serve as a 
watering tube. The straws had an inside diameter 
of 0.6 cm and were cut to be 10 cm long. The 
straws were used to minimize bacterial contamination 
from pouch to pouch during watering. 
3) A Brewer Model 0 7 automatic pipetting machine was 
used to add 40 ml of either distilled water or 
plant nutrient solution to the pouches. The plant 
nutrient solution was added at the first watering. 
^Scientific Products, Division of American Hospital 
Supply Corporation, Moline, Illinois. 
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Subsequent waterings were made by alternating 
between the plant nutrient solution and distilled 
water. 
The soybeans to be planted were freed of surface 
rhizobia by soaking them in 95% ethanol for 15 
minutes followed by several rinses with rhizobia 
free water. 
Two Amsoy variety soybeans were placed in the trough 
of each pouch. 
The seedlings were inoculated 3-5 days after plant­
ing. Inoculation of the seedlings allowed all 
replicates to contain healthy, germinated plants. 
Aseptic procedures were used throughout the assembly 
of the pouches. It was found to be unnecessary to 
sterilize the pouches or soda straws. However, the 
nutrient solution or distilled water used was 
sterilized by autoclaving for 15 minutes at 20 
pounds steam pressure. Also, the parts of the 
pipetting machine contacting the liquid was freed 
of possible rhizobia by filling it with 70% ethanol 
and soaking for 20 minutes. 
The pouches were inoculated with a 1 ml pipette by 
running 1 ml of the appropriate inoculum on the 
roots of the seedlings. 
When seeds were inoculated rather than seedlings, 
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1 ml of the inoculum was placed directly on the 
seeds. Three weeks were allowed for nodule 
development. 
10) A complete assembly of the pouches is illustrated 
in Figure 1. 
The following population measurements were made to 
determine accuracy with pure cultures of R. japonicum strain 
123: 1) numbers of colonies on medium "79" by pour plate; 
2) numbers obtained by extinction dilution on soybean seed­
lings with the "pouch MPN" method; and 3) numbers obtained 
by extinction dilution on soybean seedlings with the "bottle 
jar MPN" method of Date and Vincent (1962). Three replicate 
pour plates were used for plate counts and serial dilutions 
of 10 with 5 replications per dilution were used for MPN 
counts. Physiological saline (0.85% NaCl in distilled water) 
was used for dilutions. To determine accuracy of recovery 
from soil, the same population measurements given in 1 and 2 
above were made after a known quantity of R. japonicum strain 
110 culture was added to unsterile soils. Counts were made 
on the pure culture of strain 110 by the "pouch MPN" method 
and by a "plate MPN" method (1 or more colonies on a plate 
giving a positive count) to serve as controls. Five fold 
dilutions with 28 replications per dilution were used in 
estimating the population density of the rhizobia by "plate 
MPN's" and "pouch MPN's". Plate counts made at the end of 
Figure 1. Assembly for growing soybeans to be used in MPN 
determinations of R. japonicum in soil 
ZE 
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the inoculations based on 4 replicate plates were used to 
determine the concentration of strain 110 in the pure culture. 
A variable magnetic stirrer was used on the soil dilutions 
to keep the soil particles in suspension during pipetting. 
The soil particles were not considered as part of the dilution 
volume. 
Inoculation of the soils in the recovery of inoculated 
rhizobia was done as follows: 
1) Forty g of the appropriate soil was weighed out and 
ground by hand for 5 minutes with a porcelain mortar 
and pestle. 
2) Thirty g on a dry weight basis of the ground soil 
was placed in a 180 ml prescription bottle and 15 ml 
of the appropriate dilution of the inoculum was 
added. The plant nutrient solution was used for 
dilutions. 
3) The bottle was shaken vigorously by hand for 15 
seconds to wet all of the soil and was then placed 
in an incubator held at 4 C. 
4) After approximately 30 minutes, the bottle was 
removed from the incubator and 15 ml of the plant 
nutrient solution was added. 
5) The bottle was then shaken for 20 minutes on a 
mechanical shaker at about 250 oscillations per 
minute. 
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6) Following shaking, 5 day old seedlings were inocu­
lated with the appropriate dilutions. Only the 
initial dilution was put on the mechanical shaker. 
All of the dilution bottles not in use at a given 
time were kept in the incubator at 4 C with the 
stock inoculum. 
Some soil properties of the 2 soils used in this ex­
periment are given in Table 1. 
Results and discussion 
An improved method of making routine counts of R. 
japonicum was developed. The main criteria desired in a 
method were: 1) the method must give accurate counts; 2) 
a large number of individual plan growth units could be 
assembled quickly with a minimum of labor; 3) the growth 
units would use a minimum amount of space; 4) the overall 
cost per growth unit should be small. 
"Pouch MPN" counts were similar to plate counts of strain 
123 and were as accurate as the "bottle jar MPN" method of 
Date and Vincent (1962) (Table 2). The numbers of strain 110 
from pure culture suspension or from soil were accurately 
determined by the "pouch MPN" method (Table 3). However, 
the recovery of strain 110 from soil when added at a rate of 
1.67 X 10^ cells per g of soil was slightly less than 
expected due to sampling error alone. The results were so 
close that the difference could easily be due to slight errors 
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Table 1. Some properties of the soils inoculated with R. 
japonicum, Beltsville strain 110, to determine the 
accuracy of "pouch MPN" counts 
Texture 
Soil' 
PH O.M. Sand Silt Clay 
Clarion subsoil 
Minidoka 
6.1 0.8 
7.7 2.7 
53 
16 
26 
60 
21 
24 
The first soil was obtained in Iowa and the second 
soil was obtained in Idaho. 
Table 2. Comparison between plate counts and MPN counts by 
"pouch" and "bottle jar" methods to determine 
numbers of R. japonicum, Beltsville strain 123 
Occasion 
Log of the number per ml of stock culture 
Plate Pouch Bottle jar 
count MPN MFli 
7.48 
7.95 
8 . 2 6  
7.11 
7. 90 
8 . 3 6  
7.04 
7.11 
8.52 
II 7. 43 
8 . 0 0  
8. 30 
7. 69 
8. 11 
8. 52 
7.11 
7.52 
8.11 
^Appropriate dilutions were added to the containers 
immediately after planting soybeans. 
^Factor for 95% confidence interval of log MPN is +0.52. 
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Table 3. Comparison between plate counts and MPN counts by 
"pouch" and "plate" methods to determine numbers 
of R. japonicum Beltsville strain 110 in pure 
culture and recovered from two soils^' 
log log no. Log MPN determinations 
plate added Pure culture Soil 
count to soil Plate Pouch Clarion Minidoka 
per ml per g 
8.24 - 8.21 8.27 - -
1. 24 — — 1.09 1.36 
4.24 3.90 4.02 
^Original soils contained less than 1 R. japonicum per 
g. 
^Soybean seedlings were 5 days old at the time inocu­
lations were made. 
Factor for 95% confidence interval of MPN counts is 
+0.18. 
in the dilution sequence or in pipetting the suspensions 
into the pouches. Thompson and Vincent (1967) also observed 
that the presence of soil sometimes reduces the accuracy of 
MPN counts for rhizobia. 
A comparison of the results in Tables 2 and 3 show that 
for pure cultures the same accuracy was achieved whether 
the seeds were inoculated immediately after planting or if 
there was a 5 to 6 day interum between planting and inocu­
lation. Planting seeds a few days before they are inoculated 
is a desirable technique because: 1) unhealthy plants can 
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be discarded; 2) the work load can be spread out; and 3) 
"damping off" of the seedlings due to soil inoculum is 
minimized. 
Since all 3 methods had similar accuracy, and only 
the MPN methods can be used with mixed microbial populations, 
the pouch method was the best due to its low labor and space 
requirements (Table 4). In an area of 1 m x 1.7 m, 1500 
pouches can be placed. If the conventional bottle jar method 
were used, an area approximately 1 m x 8.6 m would be required. 
Two limitations of the pouch technique as compared to the 
bottle jar technique are that the pouches are more susceptible 
to contamination with airborne rhizobia and temperature fluc­
tuations may have a greater effect. The "pouch MPN" method is 
best suited to growth chamber conditions, but since the space 
requirement is small, this may not be a disadvantage. The 
"pouch MPN" method fits all the criteria stated previously 
for a routine method of determining the number of rhizobia 
in soil and was used in the remainder of the studies in this 
dissertation for such determinations. 
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Table 4. Practical comparisons of "pouch MPN" counts and 
"bottle jar MPN" counts^ 
Factor 
Bottle jar Pouch 
Capital Expend- Space 
costs^ 
$ 
able 
costsC 
$ cm 
Capital Expend-
costs^ able 
costs 
$ $ 
Space 
2 
cm 
Labor 
Material 
Space 
9. 75 
14. 80 
8.00 
2.50 
0.00 
1.40 
3,420 
0.67 
5. 40 
6 8 4  
Subtotal 24.55 10. 50 1.40 6.07 
^All factors are based on 60 units. 
^Capital cost includes 60 0.5 1 bottles, 60 0.5 1 jars, 
and cost of cutting bottoms off 60 0.5 1 bottles. 
^Expendable cost includes 54 kg of sand, and 4 hours 
labor. 
^Capital cost includes 1 record rack. 
^Expendable cost includes 60 pouches and 20 minutes 
labor. 
^Cost of labor was estimated as $2.00/hr. 
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Populations of R. japonicum 
in lowa Soils 
Experimental procedures 
Selection of sites The majority of the sites sampled 
for populations of R. japonicum were chosen from approxi­
mately 300 sites used by Dr. L. Dumenil^ in the Iowa Corn 
Yield Study. These locations were used because they were 
scattered throughout Iowa and information was available on 
previous cropping history and on soil properties. Site 
selection was based on the following criteria: location in 
the state, frequency of soybeans in crop sequence, soil 
texture, pH, and organic matter. The locations were selected 
to give wide variations in these characteristics. 
Site descriptions The physical locations of the sites 
are given in Table 25 and shown in Figure 14. Some physical 
properties of the sites are given in Tables 27 and 28. A 
13 year cropping history of the sites is given in.Tables 29 
and 30. The Corn Yield Study sites used are indicated in 
Table 25. These sites were on a single soil type and were 
15 m X 15 m square. The other sites were approximately 30 m 
X 30 m square and were of a single soil type. Some addition­
al sites were used to determine the variation within fields 
^Dr. L. Dumenil, Agronomy Department, Iowa State 
University. 
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and are given in Tables 5 and 6 along with their descriptions. 
Sampling technique Six "rhizosphere" samples were 
taken at random from each site given in Tables 27 and 28. 
The samples obtained in June and July of 1967 (Table 27) 
were taken to the lab in plastic bags and divided at random 
into 2 groups of the 3, after which each group was compo­
sited. Samples taken in July of 1969 (Table 28) followed 
the previous procedure except that all 6 samples were 
composited. The individual samples taken both years were 
within a 7.5 cm radius of growing plants and to a depth of 
approximately 15 cm. The sampling technique for the popu­
lations of rhizobia given in Table 16, is given on page 89. 
The sampling technique for estimating the variation within 
fields is given in the footnotes of Tables 5 and 6. 
Treatment of samples The moist samples were passed 
through a 2 mm screen and thoroughly mixed on 1 m x 1 m 
sheets of "butcher" paper. The soil screen was washed with 
distilled water and dried between each sample. A new paper 
sheet was used for each sample to prevent cross contamination. 
The screened samples were kept in sealed polyethylene bags 
to protect the samples from contamination and desiccation. 
Samples were kept at room temperature after sampling and all 
MPN counts were made within 1 week after sampling. Usually 
MPN counts were made within 2 days after the samples were 
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taken. 
MPN determination The "pouch" method was used for all 
MPN determinations. Soil samples weighing 10 g were used. 
One sample was taken from each of the composite samples in 
1967 but in 1969 two subsamples were taken from each compo­
site sample. The samples were not corrected for moisture 
content because the experimental error inherent in the MPN 
method was several times greater than the error involved in 
not correcting for moisture content. Serial dilutions of 
10 with 5 pouches per dilution were used for each sample. 
The 10 g samples were added to 95 ml of a .05% Na^CO^ and 
0.2% NaCl solution in a 180 ml prescription bottle. The 
bottle was subsequently shaken on a mechanical shaker for 20 
minutes at approximately 250 oscillations per minute. Sub­
sequent dilutions were made in 0.2% NaCl solution and the 
materials were distributed in the solution by shaking the 
bottle vigorously by hand for 10 seconds just prior to 
making the next dilution and inoculation of the seedlings. 
Results and discussion 
Effect of sampling time The objective was to deter­
mine if soils with high populations at 1 sampling would have 
very low populations at another sampling. Samples taken 
between April and August in general showed little fluctuation 
in numbers of R. japonicum as is shown in Table 5. The 
Table 5. Populations of R. japonicum in soils sampled at different times and with 
different crops^ 
log number of R. ]aponicum per g of soil 
Site Sample April 20, June 1, July 1, July 19, Aug. 8, Crop being 
no. 1968 1968 1967 1967 1967 grown 
51 1 4.54b 5.36 — — — soybeans 
2 5. 11 5. 36 - - -
3 — 4.18 — - -
39 1 1.45 <1.06^ — — — soybeans 
2 1. 34 <1.06 - - -
3 - <1.06 - - -
50 1 1.66 <1.06 — — — soybeans 
2 0 . 85 <1.06 - - -
3 - <1.06 - - -
21 1 — — 4 .69 4 . 59 6 . 11 oats 
2 - - 4.90 5.25 5.52 
3 - - 5 .23 4 .41 4 . 90 alfalfa 
4 - - 3.66 4.05 5 . 11 
5 - - 2.69 4.73 5 . 40 corn 
6 - - 3.11 5.52 5 .63 
7 - - 5.36 5.69 5.11 soybeans 
8 - - 6 . 15 5 . 89 6 . 69 
Counts for the April sampling were done on individual samples taken 10 m apart 
but counts for later samplings were done on separate composite samples made up of 
4-6 samples taken at random. The area sampled for sites 51, 39, and 50 were approxi­
mately .1 hectare. The total area sampled for site 21 was approximately 0.4 hectare 
but each crop was being grown on a single quadrant of 0.1 hectare. 
^The factor for the 95% confidence interval is +0.52. 
^Symbol <=less than. 
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numbers per g of soil appeared tc raise about 10 fold from 
July 1 to August 8 for the site that was growing corn when 
sampled. These results agree closely with the results 
reported by Wilson (19 30) in working with R. trifolii and 
R. leguminosarum. Wilson (1930) found that during the months 
from June to October small relative fluctuations in 
rhizobial populations occurred. More information is 
needed to accurately determine the population fluctuations 
of R. japonicum through the year. 
Variation within sites Eight out of 9 fields 
sampled did not show significant variation in populations 
of R. j aponicum within fields (Tables 5 and 6). Differences 
in populations of less than 10 fold were not considered as 
significant since the experimental error involved in the 
MPN method resulted in a factor of 3.3 for establishing 
the 95% confidence interval for individual measurements 
(Cochran, 1950). In the 1 field that showed a large amount 
of variation, 2 out of 3 samples taken approximately 100 m 
apart had approximately 100 soybean rhizobia per g of 
soil while the third sample had approximately 10,000 soybean 
rhizobia per g of soil. The cause of the variation in popu­
lation within this field was not determined. 
Variation between sites The 52 sites sampled through­
out Iowa (Figure 2) contained from fewer than 3 soybean 
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Table 6. Populations of R. japonicum within and across dif­
ferent soil types occurring in the same field 
Site^ 
Clarion Nicollet Webster 
Sampleb 
1 2 
log/g soil 
Sample 
1 2 
log/g soil 
1 
Sample 
2 
log/g soil 
3 
55 5. 41^ 5. 83 5. 34 5.76 5. 13 5.76 -
56 5 . 3 3  4.97 5.47 5.21 5. 70 5.56 -
57 4.23 - 3.77 - 4. 36 - -
58 - - - - 4. 50 2.45 2. 34 
59 6 . 6 9  6 . 3 7  - - 5. 36 5. 85 -
^Site = field, in this case. 
^All samples came from toposequences. Samples within 
soil types for sites 55 and 56 were spaced .3 m apart, for 
site 58 they were 100 m apart, and for site 59 they were 
taken from two successive toposequences in the same field. 
^The factor for the 95% confidence interval is +0.52. 
rhizobia per g of soil to more than 1 million per g of soil 
(Tables 27 and 28). For 15 out of 23 sites having 10,000 
soybean rhizobia or fewer per g soil, soybeans (Figure 2) had 
not been grown in the cropping history of 12 years prior to 
sampling (Tables 29 and 30). Only 3 out of 29 samples 
having more than 10,000 soybean rhizobia per g of soil were 
taken from fields not known to have grown soybeans. A highly 
significant correlation coefficient of +0.59 was obtained 
between the population of soybean rhizobia and the presence 
of soybeans in the previous cropping history. 
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The counts for the sites used in compiling Figure 2 
were taken from Tables 27, 28 and 16. Although some sites 
appear in all 3 tables, counts from a given site were 
used only once in compiling Figure 2. Priority was put on 
the first time a given site was sampled because later 
samplings were made for other purposes. The 2 counts 
given for individual sites were averaged for construction 
of Figure 2 and for the correlation analyses. The sites with 
counts having < than or > than signs were included by 
averaging them the same as the others. Since most of the 
locations having < signs had very low numbers of rhizobia, 
the error introduced by using the counts in the aforemen­
tioned manner should not be appreciable and since the count 
for the sites having > signs were already quite high 
it is doubtful that the true counts would have been much 
larger. 
Since the presence of soybeans in the past failed to 
explain 65% of the variation in R. japonicum population 
determined at different sites, the correlation with number 
of years in soybeans, numbers of years since the last soy­
bean crop and various soil properties were determined. Only 
the 41 sites having a known cropping history of at least 12 
years prior to sampling were used in these correlations. The 
resultant correlation matrix is shown in Table 26. The 
correlation coefficients for the number of years in soybeans 
Figure 2. Frequency diagram for relationship between soy­
beans being grown in the 12 years prior to 
sampling (top diagram), soybeans not being grown 
in the 12 years prior to sampling (bottom 
diagram) and the population of R. japonicum 
present 
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and the number of years since the last soybean crop with the 
populations of soybean rhizobia were respectively +0.50 and 
-0.58 (0.01 level of significance). Since the number of 
years in soybeans and the number of years since the last 
soybean crop were not independent (correlation coefficient of 
-0.79) a multiple correlation for the combined effect of 
these two factors on the population of soybean rhizobia was 
not determined. 
Soil texture and soil pH did not give significant 
correlations with the populations of soybean rhizobia. The 
only soil property that showed significant correlation at 
the 0.05 level with the populations of rhizobia was the 
percent organic matter. However, since the correlation 
coefficient approached insignificance at the 0.05 level 
and the percent organic matter was nearly as highly correlated 
with the number of years in soybeans and the number of years 
since the last soybean crop as it was with the population of 
rhizobia, it is questionable that the percent organic matter 
had a real influence on the populations of rhizobia. 
Variation within Serogroups of R. japonicum 
Present in Iowa Soils 
Experimental procedures 
Cultures Four hundred and forty isolates of R. 
japonicum were made in August from nodules of soybeans grown 
in 22 Iowa fields (sites). Twenty isolates were obtained 
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from each site. Site locations are given in Table 25 and 
are shown in Figure 15. The 14 sites given in Table 27 that 
were growing soybeans were included in the 22 sites. All of 
the sites were 15 m x 15 m square. Three samples were taken 
at random from each site with 3-4 plants composing a sample. 
The nodules were picked from the plants and composited. 
Isolations from nodules Each nodule was washed 
several times with distilled water to remove adhering soil 
particles. It was then placed in a petri plate which con­
tained 70% ethanol. After 5 minutes, the nodule was removed 
and washed at least 3 times with sterile distilled water. 
Next it was placed in a solution of .1% HgCl^ for 3 minutes, 
then washed 5 times with sterile distilled water. After the 
final washing, the nodule was placed in a sterile petri 
plate and was cut through the center with an alcohol dipped, 
flame sterilized scalpel. A small amount of nodule juice 
was then taken from the center of the nodule with a 
transfer loop and streaked onto solidified agar medium "79" 
in a petri plate. After 10 to 14 days incubation at 28 C, 
a single typical colony was picked from each plate and 
streaked onto an agar slant of medium "79" which then 
became the stock culture. In general, very little contamina­
tion was observed. 
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Phage typing The rhizobiophage and test organism was 
cultured by the method given by Chan (196 8). The double 
agar layer method developed by Adams (19 59) and described 
by Chan (196 8) was used to seed the organism on the surface 
of medium 79. After the upper layer of agar had solid­
ified with the test organism contained in it, a small drop 
of phage suspension containing approximately 10,000 particles 
per ml was spotted on the agar surface with the aid of a 
curved Pasteur pipette. Each test organism was typed 
with the seven phages. All phages were spotted on different 
sections of the same petri plate. After spotting, the plates 
were incubated at 28 C for 5 days before reading. A posi­
tive reading was one in which a clear area was observed 
where a phage had been spotted. 
Culture antigens The isolates of R. japonicum that 
were typed serologically to compare with phage typing were 
grown on test tube agar slants of medium "79" at 28 C for 
antigen preparation. The bacterial growth was scraped off 
after 5 days and was suspended in saline with the aid of a 
vortex mixer. Antigens for the crossreaction studies were 
prepared by inoculating 30 ml of medium "5" with a 5 day-
old slant culture. The broth cultures were grown for 36 
hours at 28 C on a gyratory shaker. The cultures were 
pelleted by centrifugation and resuspended in saline 
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(0.85% NaCl) for agglutinations. 
Immune diffusions For immune diffusions, individual 
nodules approximately 4 to 5 mm in diameter were crushed in 
1.0 ml of 0.85% NaCl with a tissue grinder homogenizer. 
Nodule crushate was used without further treatment. The 
nodules were taken from soybeans that had been inoculated 
with a pure culture of each isolate tested. The soybeans 
were grown in the growth chamber using the "bottle jar" 
technique of Date and Vincent (1962). 
Agar gel immune diffusion plates were prepared as 
described by Dudman (1964) and had wells 5.7 cm apart. 
The relationship between the antigen wells and the anti­
serum wells is shown in Figure 3. Nodule crushates from 
R. japonicum strain 123 were used as standards in each test 
and were placed in 2 antigen wells that were directly oppo­
site each other (Figure 3). Undiluted antiserum against 
strain 123 was placed in the center well. The antigens were 
added to the outer wells and kept in a refrigerator at 5 C 
for 2 days prior to addition of the antiserum to the center 
well. After addition of the antiserum to the center well, 
the plates were incubated for 2 days in a humidity chamber 
at room temperature before reading. 
Figure 3. Both pictures illustrate immune diffusion bands 
formed by reactions between nodule antigens and 
antiserum against strain 123. Strain 123 nodule 
antigens were placed in the extreme left and 
right wells shown in both photographs. Anti­
serum against strain 12 3 was in the center well. 
All nodule antigens in the top picture gave the 
123 type reaction but only the 2 standard 
antigens in the bottom photograph gave the 123 
type reaction. The top 2 wells and bottom 
2 wells of the lower photograph contained 
strain 129 and only 1 band was formed as evidenced 
by the spurs 
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Efficiency tests on isolates Soybean plants were 
grown in 1 & modified Leonard jars described by Ham and 
Frederick (1966). The jars were filled to 4 cm of the 
top with a 50/50 mix of horticultural perlite and coarse 
exploded vermiculite. A 2.5 cm layer of white quartz sand 
was placed on top of the mix into which the soybeans were 
planted. The sand was covered with 1 cm of 6 mm gravel after 
planting. The sand served to give the seedlings support 
and the gravel served to prevent airborne contamination from 
reaching the roots of the plants. The plant nutrient solu­
tion was used for watering. The containers were autoclaved 
for 2 hours at 15 pounds pressure and 121 C after they were 
filled with the support medium. 
The cultures prepared for inoculation of the plants 
used in the first efficiency test were grown on agar slants 
of medium "79" but in the second efficiency test, the cul­
tures were grown in medium "5". One ml of inoculum containing 
7 5 x 10 R. japonicum, determined by turbidity, was placed on 
each seed in the first experiment. In the second experiment 
at least 1 billion cells, determined by plate counts, were 
added to the support medium immediately following planting 
by suspending the cells in 120 ml of the plant nutrient solu­
tion and pouring it onto the top of the sand. Approximately 
20 ml of the solution drained out the bottom of the support 
medium into the supporting jar containing the plant nutrient 
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solution. 
Five Amsoy variety soybean seeds were planted in each 
container. The seedlings were thinned to 2 uniform seed­
lings per container 1 week after seeding. Seedlings that 
came up after 1 week were removed soon after they appeared. 
The colyledons were not removed from the plants in the 
first experiment but were removed from the seedlings in the 
second experiment as soon as the unifoliate leaves were 
fully expanded. Approximately 1 mm of the cotleydons were 
left attached to the stem as a precaution against physically 
damaging the plants. 
The plants in the first efficiency test were grown for 
7 weeks in the greenhouse during the months of April and 
May. Temperatures never exceeded 32 C during the day and did 
not go below 17 C at night. Plants in the second experiment 
were grown in a growth chamber for 5 weeks. A day temper­
ature of 26 C and a night temperature of 17 C were used. The 
day cycle was 16 hours and the night cycle was 8 hours. 
Light intensity was approximately 1200 foot candles at the 
top of the plants. 
A randomized complete block design with 7 blocks was 
used in the first efficiency experiment. The treatments 
used in the second test were arranged randomly in the growth 
chamber. Four replications per treatment were used in the 
completely randomized design. 
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Results and discussion 
Rhizobiophaqe typing At least 27 strains of R. 
j aponicum were found in the 7 serogroups tested based on the 
phage crossreactions given in Table 7. None of the R. 
iaponicum isolates were susceptible to more than one phage 
type (Table 31). Serogroup 110 had at least 6 strains as 
shown in Table 7. A strong correlation between agglutina­
tion antigens of the isolates tested and phage specificity 
was apparent. Only 27 out of the 440 isolates tested were 
lysed by phages grown on stock strains of serogroups other 
than the serogroup of the isolate tested. 
Serological typing Isolates in serogroup 123 were 
selected for more detailed comparisons using immunological 
techniques. It seemed appropriate to select serogroup 123 
for more detailed studies since it was present in 56% of 
the nodules tested in this study and formed approximately 
65% of the nodules on field grown soybeans in Iowa tested 
by Ham (1967). Twenty-two isolates of 249 isolates in 
serogroup 12 3 were selected for further comparisons using 
titres of agglutination crossreactions and immune gel dif­
fusions . 
Of the 22 field isolates of serogroup 123 tested, 
there appeared to be at least 12 distinct strains based on 
the titres of agglutination crossreactions (Table 8). 
Table 7. Relationship between phage sensitivity and antigenic properties of 
R. japonicum field isolates 
Phage Group a 
Serological Nonreactive (3) (31) (71) (110) (117) (123) (153) 
group to phage Sb-2 Sb-5 Sb-17 Sb-8 Sb-9 Sb-11 Sb-13 Total 
3 9 11 0 1 0 0 1 0 42 
31 7 0 32 6 0 0 2 0 47 
71 4 0 0 2 0 0 0 0 6 
110 1 0 1 1 36 1 4 0 44 
117 7 3 0 0 0 0 2 0 12 
123 83 0 0 0 2 0 163 1 249 
135 , 5 1 1 0 0 0 0 29 36 
Other 24 0 0 0 0 0 0 0 24 
Total 140 15 34 10 38 1 172 30 440 
^Phage designation is that given by Kowalski, et al. (1967) in unpublished 
manuscript; number in parentheses is the Beltsville strain on which the phage 
was cultivated. 
^These reactions represent the isolates that showed no reaction to the seven 
specific antisera or to the seven phage groups against which they were tested. 
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Table 8. Serological variation within R. japonicum serogroup 
123 based on titres of agglutination crossreactions 
with different antisera and immune diffusion bands 
Isolate 
number Occasion 
Highest titre ^ 
giving agglutination 
Antiserum 
110 123 127 129 
Immune 
diffusion 
bands formed 
8-N 1 - 7+ - - a^ 
2 - 7+ 3++ 7++ 
8-0 1 7+ - - 2+ b 
2 7+ - 2+ 34*+ 
8-T 1 3+ 1+ 1++ 5+ 
2 5++ 1+4- 1++ 7+ 
9-K 1 - 6 +  4+ 7++ a 
2 - 7+ 4+ 7++ 
12-E 1 - .4+ 4++ 5++ a 
2 - 7+ 4+ 7+ 
14-K 1 - 3++ 3+ - c 
2 - 6 +  3+ -
1 1
—
1 
1 - - - -
2 - - 1+ 1+ 
15-L 1 - 6  +  - 7+ d 
2 - 5++ - 7+ 
17-A 1 - 5+4- 7+ -
2 2 + 5+ 7++ -
17-H 1 - 6 +  7+ - f  
2 - 5++ 7+ -
18-A 1 - 7+ 2+ 7+ a 
2 - 5 + 2++ 7++ 
18-C 1 - 5+ 6 +  5+ g  
2 - 5+ 6 +  7++ 
Titre shown is the highest titre giving an agglutination 
reaction. Numbers 1-7 indicate dilution of antiserum with 1 
being a dilution of 100 and 7 a dilution of 6400. Two fold 
serum dilutions were used. 
2 Only two immune bands were distinct. The outer band was 
designated X and the inner band was designated Y. Antigens 
were from nodule crushates. 
^Symbols, - =no reaction, ++=strong reaction, +=weak 
reactions (in most cases, dropping back one dilution increased 
+ reactions to ++). 
4 Isolates followed by the same letter were judged not to 
be different based on the titres of reactions for the two 
occasions. 
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Table 8 (Continued) 
Highest titre 
Isolât giving agglutination Immune 
^ Occasion Antiserum diffusion 
110 123 127 .129 bands formed 
20-A 1 - 6 + 2+ - c 
2 - 4++ 1++ -
20-D 1 - 4+ 6 + 3+ 
2 - 3+ 7+ 4++ 
20-H 1 - 3++ 1+ - c 
2 - 6 + 3+ -
21-D 1 - 6 + - 7++ d  
2 - 5+ - 7+ 
21-J 1 - 6+ 6+ 7+ g  
2 - 5 + 7+ 74-
22-P 1 - 7+ 5 + 74"f a 
2 - 7+ 5+ 7+4-
22-T 1 - 7+ 7+ 7+4- h 
2 - 7 + 7++ 7++ 
23-R 1 - 7+ 3+ 7+ a 
2 - 6 + 4+ 7++ 
24-A 1 - 7+ 7+ 7++ h 
2 - 7+ 7++ 7++ 
24-P 1 - 7 + 7 + 1+ f 
2 - 6++ 7++ -
110 1 7++ - - 2++ b 
2 7++ - - 3+ 
123 1 - 6 + 4 + 7++ a 
2 - 7+ 4 + 7++ 
127 1 - 74- 7++ - f 
2 - 7+ 7+ -
129 1 - 6 + - 7++ d  
2 - 6 + — 7++ 
X,Y 
Y 
X,Y 
X , Y  
X,Y 
X , Y  
Ail of the field isolates originally gave positive aggluti­
nation reactions with antiserum against strain 123 but in 
this test, isolate 8-0 and 15-R gave negative reactions. 
Different 123 and 110 antisera were used in the titration 
test which may be the reason for the change in reaction 
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pattern of the isolates. 
Combining the results from the immune diffusion tests 
using nodule antigens with those of the agglutination tests 
resulted in at least 19 distinct strains among the 22 iso­
lates tested. Figure 3 shows the relative positions of the 
two immune diffusion bands and their intensities. Each band 
may actually be a multiplicity of bands too close together 
to be individually distinct. In no case were spurs formed 
at the intersection of bands. Thus antigens of strains 
forming the same band were similar. 
Efficiency tests The 22 isolates of serogroup 123 
ranged from high to low in their symbiotic efficiencies 
(Table 9). The two strains that reacted with the 110 anti­
serum ranked highest in dry matter production of soybean 
tops. Since such large differences were needed to obtain 
statistical significance at the 0.05 level, the experiment 
was repeated but using only 5 of the isolates, the stock 
110 strain, and the stock 123 strain. The results in Table 
10 and Figure 6 showed similar relative efficiency rankings 
of the isolates to those obtained in the first test. If 
the strains were ranked according to the amount of fresh 
nodule weight and total nodule numbers formed on the plant, 
the ranking would be similar to that based on dry matter 
production. 
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Table 9. Efficiencies of R. japonicum isolates on Amsoy 
variety soybeans grown for 7 weeks in the green­
house^ 
Isolate Dry weight ^ 
number per plant top 
8-0 1.84 a 
8-T 1. 82 a 
N3 1.82 a 
14-R 1.63 a b 
14-K 1.62 a b 
21-D 1.61 a b 
127 1.55 a b c 
17-H 1.52 a b c 
21-J 1.50 a b c 
20-A 1.49 a b c 
12-E 1.44 a b c 
20-H 1.43 a b c 
17-A 1.39 b c 
24-A 1.33 b c d 
123 1.31 b c d 
18-C 1.29 b c d 
22-P 1.27 b c d 
20-D 1.26 b c d 
129 1.20 c d e 
24-P 1.20 c d e 
22-T 1.13 c d e f 
18-A 0.99 d e f 
15-L 0.92 d e f g  
9-K 0.80 e f g  
8-N 0. 75 f g  
U C 4  0.60 g  
2 3-R 0.55 g  
^All isolates originally reacted with antiserum against 
strain 123. 
2 Treatments with a letter in common are not significant­
ly different at the 0.05 level of significance by Duncan's 
new multiple-range test. 
3 
A split application of 0.2 g NH4NO3 was added per plant 
2 and 3 weeks after planting. The seeds were inoculated with 
Beltsville strain 123 at planting. 
4 UC is the uninoculated control receiving no nitrogen. 
62 
Table 10 
Isolate 
number 
Efficiencies and effectiveness of R. japonicum 
isolates on Amsoy variety soybeans grown for 5 
weeks in a growth chamber 
Dry weight 
per plant top 
Total nodule 
fresh weight 
per plant! 
Total no. 
of nodules 
per plant^ 
rag 
N2 1. 87 0 0 
8-0 1.59 279 a 23 a 
8-T 1. 32 c 374 33 a 
110 1.18 c 227 a b 24 a 
123 0.69 b 196 b c 24 a 
15-L 0.63 b 199 b c 10 b 
23-R 0.54 a b 127 c 8 b 
8-N 0.47 a 59 c 4 b 
c3 0. 40 a 0 0 
Uninoculated control. 
2 Treatments followed by the same letters are not signifi­
cantly different at the 0.05 level by using Duncan's new 
multiple-range test. 
split application of 0.15 g NH4NO3 was supplied per 
plant in this treatment when the cotyledons were removed and 
2 weeks after the cotyledons were removed. 
The plants receiving nitrogen when the cotyledons were 
removed showed the best growth (Figures 4, 5, 6, 7 and Table 
6). Symbiotic nitrogen fixation started earlier for the more 
efficient strains as evidenced by plant growth and color 3 
weeks after inoculation (Figure 5). By 4 weeks of plant 
growth, all of the inoculated plants showed either increased 
plant growth or greener color than the uninoculated control 
(Figure 5). 
Figure 4. Appearance of plants inoculated with an efficient 
strain of R. japonicum (8-0) and plants receiving 
only ammonium nitrate (N). The plants were grown 
for 3 weeks 
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Figure 5. Appearance of plants grown for 3 weeks after 
inoculation with an efficient strain (8-0) 
and an inefficient strain (8-N) of R. japonicum. 
The plants on the extreme left were not inocu­
lated 
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Figure 6. Appearance of plants grown for 4 weeks after 
inoculation with different strains of R. ^aponicum. 
The 2 rows of plants on the extreme left in the 
bottom picture are uninoculated controls. One 
set received ammonium nitrate (N). Plants ino­
culated with strains 12 3 and 23-R are shown in 
both photographs to aid in making comparisons 
across photographs 
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Figure 7. Appearance of plants inoculated with different 
strains of R. japonicum and grown for 5 weeks. 
The 2 rows of plants on the extreme left of the 
picture are uninoculated controls. One (N) 
received ammonium nitrate 
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Effect of Inoculum Size on Noncompetitive 
Modulation of Soybeans Grown in Sand 
Experimental procedures 
Plant support medium Commercial grade washed quartz 
sand was used to grow the plants in. Ham and Frederick (1966) 
reported that 81% of the sand particles passed through a 32 
mesh sieve and the pH of the sand was 6.5. Total Kjeldahl 
nitrogen was 0 ppm. Sand was used in this experiment to avoid 
the biological and chemical complications of using soil. 
Culture preparation and inoculation The cultures used 
for inoculum were grown in broth medium 79 and diluted in 
0.85% saline to the desired level for inoculation. Cell 
density was initially estimated by turbidity but final counts 
were determined using the pour plate method with 4 replicate 
plates per serial dilution. One ml of the appropriate 
inoculum concentration of strain 123 or strain 135 was placed 
on each planted seed in a given container. 
Treatment of plants Five Ford variety soybeans were 
planted in 0.5 i modified Leonard jars filled with white 
silica sand. The jars and plant growth medium were sterilized 
by autoclaving for 2 hours at 15 lb. pressure and 121 C. 
The seeds were covered with 1 cm of 6 mm pebbles after 
planting. The plant nutrient solution was used for watering. 
After 1 week the 3 best seedlings were left in each container 
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and the others were removed. A growth period of 5 weeks 
in a growth chamber was used before the soybean tops and 
roots were removed for analysis. A 16 hour day period at 
26 C and an 8 hour night period at 17 C was used. Approxi­
mately 1200 foot candles of light was supplied at the tops 
of the plants. 
Experimental design A completely randomized design 
with 5 replications per treatment was used in this experiment. 
Results and discussion 
Approximately 10 million soybean rhizobia were needed 
per seed for "maximum" tap root nodulation of soybeans grown 
in the growth chamber (Table 11). However, approximately 
100,000 rhizobia per seed were adequate for maximum nitrogen 
fixation and dry matter production of soybean tops. 
The plants receiving the 2 higher levels of inoculum 
given in Table 11 were noticeably greener at 3 weeks than 
the other plants (Figures 8 and 9). No differences in plant 
growth were apparent at 2-1/2 weeks of growth. It is probable 
that the better growth of some plants at 3 weeks was due to 
earlier nodulation as evidenced by the increased tap root 
nodulation observed at 5 weeks. 
Table 11. Relationship between numbers of R. japonicum added per seed to plant 
dry weight, total nitrogen fixed in plant tops, and nodulation of 
Ford variety soybeans grown in sand for 5 weeks in a growth chamber 1,2 
Inoculum 
strain 
Number 
added 
per seed 
Dry weight 
plant tops 
Total N 
plant tops 
Nodulation 
Number 
Tap root Lateral roots 
Weight Number Weight 
None 
123 
135 
log g  mg mg mg 
- 0 .  2 7  e 2  f  o
 
o
 
0  
o
 
o
 0  
0 . 1 5  0 .  3 1  e 3  f  0 . 0  0  7 . 4  a 1 2 1  c 
1 . 0 5  0 .  5 6  d  1 5  e 0  .  0  0  8 . 4  a 3 6 1  abc 
3 . 0 5  1 . 0 9  c 3 8  cd 0  .  7  d 4 8  d  1 1 . 3  a 5 2 8  a 
5 . 0 5  1 . 5 4  ab 5 8  a 7 . 5  be 5 1 8  be 9 . 9  a 4 4 3  ab 
7 .  0 5  1 . 7 2  a 6 5  a 1 5 . 7  a 8 3 3  a 9 . 8  a 3 0 7  abc 
0 . 0 8  0 .  3 6  de 5  f  0 . 0  0  4 . 7  a 79 c 
1 . 0 8  0. 45 de 1 0  ef 0  .  0  0  1 1 . 7  a 1 7 0  be 
3 . 0 8  1 . 0 2  c 3 1  d f  1 . 7  d 1 2 9  cd 9 . 9  a 469 ab 
5 . 0 8  1 .  3 6  b 4 4  be 4 . 8  cd 3 4 6  cb 7 . 9  a 3 7 9  abe 
7 . 0 8  1 . 5 1  ab 4 8  b 1 2 . 7  ab 5 8 0  ab 5 . 5  a 1 6 3  be 
^All measurements are on a per plant basis. 
2 Numbers in a given column with letters in common are not significantly dif­
ferent at the 0.05 level of significance according to Duncan's new multiple-range 
test. 
Figure 8. Appearance of soybeans grown in sand and inocu­
lated with different levels of R. japonicum 
strain 135. The plants shown in the top photo­
graph were grown for 3 weeks and those shown 
in the bottom photograph were grown for 5 weeks 
SA 
Figure 9. Appearance of soybeans grown in sand and in­
oculated with different levels of R. japonicum 
strain 12 3. The plants shown in the top photo­
graph were grown for 3 weeks and those shown 
in the bottom photograph were grown for 5 weeks 
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Effect of Inoculum Size on Noncompetitive Modulation 
of Soybeans Grown in a* Clarion Subsoil 
Experimental procedures 
Plant support medium Soil obtained from the lower 
B horizon of a Clarion sandy clay loam was used in this 
experiment. Soil was used rather than sand so that biological 
and physical conditions closer to field conditions would be 
tested. A subsoil was used so that available nitrogen and 
numbers of rhizobia would be low. The soil was not sterilized 
prior to use. 
Soil properties Some properties of the subsoil are 
given in Table 1. The pH of the subsoil after the fertilizer 
additions and at the end of the growth period of the plants 
was 7.5. The soil population of R. japonicum was fewer than 
1 per g. 
The subsoil contained virtually no ammonifiable nitrogen, 
6 ppm extractable phosphorus, and 16 ppm exchangeable potas­
sium. Nutrient availability determinations were made by 
the Iowa State Soil Testing Laboratory. 
Plant growth unit Clay pots 15 cm in diameter lined 
with a polyethylene bag filled with 1566 g of soil (dry 
weight basis). A glass watering tube 18 x 1 cm was placed 
vertically in each pot so that water could be added with 
minimum contamination. A 1 cm layer of 6 mm pebbles was 
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placed on the surface of the soil to reduce evaporation and 
contamination. The bottom of the watering tube was placed 
in approximately 100 g of sand which was added to each con­
tainer before addition of the soil. Whenever the water 
content of the soil was lowered to 40% of the water present 
at the saturation percentage enough water was added to bring 
the water content of the soil up to 60% of that present at 
the saturation percentage. The saturation percentage was 
determined by the method of Bower and Wilcox (1965). Some 
pots were weighed daily to determine the water status of the 
soils. All of the pots were watered whenever individual 
pots indicated a need. Each pot was weighed and appropriate 
quantities of distilled water were added. 
Plant nutrients added Since the fertility level of 
the soil was low, nutrients were added. The nutrients and 
the quantities added are given below. The procedure for 
mixing the nutrients with the soil and potting of the soil 
was as follows: 1) the soil was divided into 3 batches of 
45 kg each; 2) each of the batches was placed individually 
in an electrically operated cement mixer; 3) a fertilizer 
mixture composed of 59 g of MgCO^, 38 g CaSO^, 87 g CaCOg, 
41 g K^SO^, and 32 g of treble superphosphate was added to 
one batch of soil while it was turning in the cement mixer; 
4) the soil plus nutrients were mixed for 10 minutes, after 
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which the soil was removed from the mixer and 600 g of the 
moist soil was added to each pot; 5) the next 45 kg of soil 
was added to the cement mixer and a fertilizer mix similar 
to the one given in step 3 but lacking was added to the 
soil as before and step 4 was repeated; 6) the procedure 
given in step 5 was repeated; 7) twenty ml of a nitrogen 
solution was added to the appropriate pots via the watering 
tube. Twenty-five pots received no nitrogen, 25 pots received 
the equivalent of 30 ppm nitrogen (based on the dry weight of 
the soil), and 25 pots received 90 ppm nitrogen (based on 
the dry weight of the soil). All nitrogen was added in the 
form of ammonium nitrate; 8) all pots were adjusted to the 
moisture level equivalent to 60% of the saturation percentage 
by addition of 75 ml of the plant micronutrient solution 
given earlier for watering pouches; 9) subsequent waterings 
were made by alternating between distilled water and the 
micronutrient solution. 
Treatment of plants Five Amsoy variety soybeans were 
planted in each container but only the first 3 to emerge 
were allowed to grow. The plants were grown in the green­
house for 7 weeks during the months of December, January, and 
February. Artificial lighting which furnished approximately 
1000 foot candles at the tops of the plants was provided,16 
hours each day. Temperatures in the greenhouse never went 
higher than 29 C nor went lower than approximately 15 C. 
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Culture preparation Culture preparation and inocula­
tion was done as described in the previous experiment with 
soybeans grown in sand except that strain 110 was used 
rather than strains 123 and 135. 
Experimental design A randomized complete block 
design was used in this experiment. There were 75 experi­
mental units divided equally between 5 blocks. 
Results and discussion 
To determine the numbers of R. japonicum needed for 
"maximum" nodulation in soil rather than sand, a Clarion sub­
soil was obtained that had fewer than 1 R. j aponicum per g. 
Since the soil was very low in nitrogen and the plants in 
the previous experiment went through a period of nitrogen 
deficiency regardless of the number of rhizobia added, some 
nitrogen treatments were included in this experiment. The 
nitrogen was added via a watering tube to the bottom of the 
pots at the time of planting. 
It was expected that nitrogen placed outside the zone of 
nodulation would keep the plants supplied with nitrogen during 
nodule development and not inhibit nodulation to the extent 
that plant growth would ultimately be set back. Distribution 
of the nitrogen in the pots 5 days after receiving 90 ppm 
of ammonium nitrate is given in Table 32. 
Inspection of the results given in Table 12 show that 
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increasing rates of inoculation increased nodule numbers for 
plants grown under all nitrogen treatments but only with the 
highest nitrogen treatment did inoculation show large enough 
increases in total nodule mass to reach statistical signifi­
cance at the 0.05 level. 
As is shown in Figure 10-11, all of the plants not re­
ceiving added nitrogen went through a period of early nitrogen 
deficiency while those receiving added nitrogen did not. 
However, nitrogen additions did not substantially increase 
the total amount of nitrogen in the plant tops after 7 weeks 
of growth over plants receiving the highest 2 rates of 
inoculation (Table 13). A large increase in percent nitrogen 
in plant tops due to inoculation was observed for all nitro­
gen treatments. 
From the data in Table 13, it appeared that at 7 weeks 
of plant growth, the 30 ppm nitrogen addition in com­
bination with the highest rate of inoculation resulted in 
the best plant growth taking into consideration both dry 
matter production and the amount of nitrogen in the plant 
tops. 
Table 12. Relationship between nitrogen levels and numbers of R. japonicum added 
per soybean seed to nodulation of Ford variety soybeans grown in a 
Clarion subsoil for 7 weeks in a greenhouse 
Nitrogen 
level 
Number 
added Nodulation measurements on different roots^ 
ppm per seed 
log 
Tap Lateral Total 
mg mg mg 
Tap Lateral Total 
none 23 b 343 abc 367 cde 0. 0 5. 9 de 5. 9 ghi 
— 0.62 27 b 287 bed 313 def 0. 2 e 6. 5 de 6. 7 ghi 
1. 38 180 a 360 abc 543 abc 1. 9 cde 8. 1 de 9. 9 fgh 
3.38 147 a 370 abc 517 abc 3. 8 bed 8. 1 abc 21. 8 cde 
5. 38 256 a 280 bed 537 abc 9 . 2 a 25. 0 ab 34. 2 a 
none 143 a 337 abc 480 abed 0. 3 de 2. 8 ef 3. 1 hi 
- 0 . 6 2  0 173 cde 173 efg 0. 0 6. 1 def 6. 1 ghi 
1. 38 200 a 383 ab 583 ab 1. 7 cde 11. 2 cd 12. 8 f g  
3. 38 223 a 377 abc 600 ab 4. 7 be 20 . 0 e 21. 0 cd 
5. 38 137 a 490 a 627 a 3. 7 bed 2 8 .  0 a 32. 5 ab 
none 17 b 87 e 114 g  0 . 1 e 1. 6 f 1. 7 i 
-0.62 0 77 e 77 9 0. 0 1. 8 f 1. 8 i 
1. 38 47 b 120 de 167 f g  0. 5 de 2. 7 f 3. 2 ghi 
3. 38 203 a 223 bde 427 bed 3. 9 be 12. 3 ede 16. 2 def 
5.38 183 a 233 bed 413 bed 4. 9 b 21. 1 abc 26. 0 be 
Treatments in a given column followed by the same letter are not signifi­
cantly different at the 0.05 level of significance by Duncan's new multiple-
range test. 
Figure 10-11. General appearance of uninoculated (Ig) and 
inoculated (I4) soybeans grown for 3 weeks in 
a Clarion subsoil supplied with no nitrogen 
(Nq), 30 ppm or NH4NO3-N (N^) and 90 ppm 
NH^NOo-N (N2). The log of the inoculation 
rate (I4) of the soybeans shown in the bottom 
photograph was 5.38 R. japonicum strain 110 
per seed. The uninoculated soil (Iq) con­
tained fewer than 1 soybean rhizobium per g 
8 5  
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Table 13. Relationship between nitrogen levels and numbers 
of R. japonicum added per soybean seed to dry 
matter production and total nitrogen fixed in 
plant tops of Ford variety soybeans grown in a 
Clarion subsoil for 7 weeks in a greenhouse 
Nitrogen 
level 
Number 
added 
per seed 
Plant tops^ 
Dry weight 
per plant %N 
Total N 
per plant 
ppm log g  mg 
0  none 0 .  8 5  h 1 . 8 3  d 1 6  e 
—  0 . 6 2  0 . 8 8  h 1 . 9 4  d 1 7  e 
1 . 3 8  1 .  3 0  g  2 . 8 9  b 3 8  cd 
3 .  3 8  1 .  4 0  f g  3 . 5 2  a 4 9  b 
5 .  3 8  1 .  4 3  f g  3 . 5 2  a 5 0  b 
3 0  none 1 .  6 0  bcdef 1 . 3 4  e 2 2  e 
- 0 . 6 2  1 .  4 9  efg 1 .  2 7  e 1 9  e 
1 .  3 8  1 .  5 9  cdeg 2 . 1 7  d 3 4  d 
3 .  3 8  1 . 6 2  abcdef 2 . 9 4  b 4 8  bc 
5 . 3 8  1 .  7 1  abcde 3 .  3 7  a 5 8  a 
9 0  none 1 . 7 1  abcde 1 . 9 6  d 3 3  d 
- 0 . 6 2  1 .  8 0  abc 1 .  9 3  d 3 5  d 
1 .  3 8  1 .  8 8  ab 1 . 9 7  d 3 7  d 
3 .  3 8  1 .  8 1  ab 2 . 5 1  c 4 6  bed 
5.38 1. 7 9  bed 2 . 5 1  c 4 5  bed 
Treatments in a given column followed by the same 
letter are not significantly different at the 0.05 level of 
significance by Duncan's new multiple-range test. 
Relationship between Inoculum Size and Competitive 
Modulation and Growth -of Field Grown Soybeans 
Experimental procedures 
Selection of sites (fields) In 1968 the sites were 
selected to range widely in the populations of native soybean 
rhizobia (Table 14). But in 1969 all of the sites were 
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selected to have high populations of native soybean rhizobia 
(Table 19). 
Location of sites The locations of the sites used 
in 1968 (Sites 39, 51, 50, 54, 48, and 52) and the sites used 
in 1969 (sites 60, 61, 62 and 53) are given in Table 25. 
Soil properties of sites The quantity of available 
plant nutrients, textural analysis, soil pH, and percentage 
soil organic matter in the soil at each site is given in 
Table 33. 
Culture preparation The inoculum used in the 196 8 
field experiment, was prepared by streaking strain 13 8 onto 
solidified poured petri plates of medium "79". The bacterial 
growth was scraped off the petri plates after 10 days of 
growth and was suspended in medium "5" after which the con­
centration was adjusted to 330 million cells as determined 
by pour plates. The inoculum was used the same day it was 
suspended for sites 50, 54, 49 and 52. For locations 51 and 
39 the inoculum was used respectively 12 and 15 hours after 
it was suspended in medium 5. Before use, the inoculum was 
kept from 8 to 13 C. 
Inoculum for the 19 69 field experiment was grown in 14 £ 
fermenters using medium "5". The medium in the fermenters was 
inoculated with about 20 percent of the final desired amount 
of cells. The starter culture was checked for contamination 
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by examination of a stained slide under the oil immersion 
objective of a light microscope. No nonrhizobial type cells 
were observed. However, pour plates of the cultures from 
the fermenters were contaminated by fast growing bacteria. 
Since the cultures were already used by the time colonies 
developed on the pour plates, estimates of the numbers of 
R. japonicum by the plant MPN method could not be made. 
The turbidity of the mixed inoculum indicated approximately 
500 million cells per ml in the highest inoculum concentra­
tion used in the field. 
Experimental design A randomized complete block 
design was used in all field experiments. In 1968, 12 blocks 
were used at sites 51, 39, 50, 54 and 49. Each plot consisted 
of 2 adjacent rows 9.15 m long. Site 52 had 4 blocks 
with each plot being a single row 9.15 m long. A row spacing 
of 96 cm was used at all sites in 1968. In 1969, each 
site had 8 blocks with each plot being a single 6.1 m row. 
A row spacing of 76 cm was used in 1969. 
Inoculation and planting The inoculum was applied as 
a liquid suspension at a rate of 1 ml per 2.5 cm of row and 
the seeds were planted immediately in the same furrow at a 
rate of 1 seed per 2.5 cm of row. The seed lying on soil 
wetted by the inoculum was covered by about 2.5 cm soil. 
Inoculum rates were controlled by using gravity flow with a 
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constant head and planting the soybeans at a predetermined 
constant speed. Two International Harvester Model 185 unit 
planters with Acra-Plant^ furrow openers were used in 196 8 
to plant the soybeans at 5 of the 6 locations. One of the 
unit planters with the special opener used to apply the 
inoculum is shown in Figure 12. The hand push planter shown 
in Figure 12 was used to apply the inoculum at site 52 in 
1968 and was used for all the locations in 1969. 
Varieties In 196 8, Amsoy variety soybeans were 
planted at sites 51,- 50, 54 and 49. Hark was planted at 
site 39 because the farmer was raising certified Hark soy­
beans in the same field. Chippewa 64 was planted at site 52 
because it was part of another experiment. In 19 69, Amsoy 
variety soybeans were planted at all locations. 
Sampling soils for MPN counts The counts for the 
numbers of R. japonicum present in the soils at the various 
locations in 19 68 were made on composite samples taken 2 
weeks after planting. Composite samples were made in the 
following manner. Two subsamples were taken at random from 
the middle 10 m of each row of each replicate. Subsamples 
from each replicate were mixed together. The subsamples 
were taken with a small garden shovel and consisted of about 
300 g of soil taken within a 5 cm radius around growing 
Acra-Plant Distributors, Inc., Garden City, Kansas. 
Figure 12. The apparatus shown in the upper photograph was 
used to plant soybeans and apply the inoculum 
in the 1968 field experiments at all but 1 site. 
The apparatus shown in the lower photograph was 
used to plant soybeans and apply the inoculum at 
1 site in 1968 and at all sites in 1969. The 
inoculum was in the plastic container and was 
delivered to the furrow through the rubber tubing 
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plants to a depth of 8 cm. For sites 51, 39, 50, 54 and 49 
composite samples were prepared by mixing samples taken from 
4 replications of each treatment together. The samples 
mixed together within a treatment were chosen at random. 
For site 52, samples taken from 2 replications were composited. 
The only modification of the above sampling method made 
in 1969 was that 2 samples were taken from only the center 
5 m of each replicate of the uninoculated control. The 
samples were composited in the same manner as site 52 in 196 8. 
None of the inoculated rows were sampled. 
Sampling for nodule measurements In 196 8 root samples 
for nodulation measurements were obtained 30 days after 
planting by taking 2 subsamples at random from each row 
of the replicate and placing them together in a large plastic 
bag. The top of the bag was tied so that the samples would 
not dry out. Each subsample was taken by digging around the 
plants and removing a core of soil about 15 cm in diameter. 
The plant tops were discarded and the soil plus roots were 
taken to the lab. The soil plus roots were soaked in water 
overnight after which the soil was separated from the roots 
by washing with a stream of water. The washed roots were 
immediately frozen and nodulation measurements were made at 
a later date. On the average 7 roots were taken from each 
row of the replication and used for nodule counts. Samples 
for the 70 day nodulation measurements in 1968 and 1969 were 
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taken and handled in the same manner as the 30 day samples. 
Plant top measurements The plant tops from the 70 
day sampling made in 1968 were placed in perforated paper 
bags, dried at 71 C for 48 hours, weighed and ground for 
Kjeldahl nitrogen determinations. Plant dry weight measure­
ments were taken again at 90 days in the 1968 field experi­
ment in the following manner. The plants from the middle 
26 cm of each row of each replicate were cut off at soil 
level and put together. The samples were taken in this 
manner because the plants were large at this stage (some 
pods had formed) and damage to the whole plot due to trampling 
was avoided. The plant samples were treated the same as 
those taken at 70 days of growth. 
In 1968, seed yield measurements were made at plant 
maturity by cutting and bundling 7 m of row from each row of 
each replication. The 9.15 m row had 1.07 m trimmed off each 
end. For the 2 row plots, both rows were bundled together 
and the soybeans from all sites were hauled to the Iowa State 
University Central Agronomy Farm at Ames, Iowa for threshing. 
In 1969, the soybeans were threshed in the field. The 4.9 m 
row was harvested after 0.6 m was clipped off each end of the 
row. The seed samples in both years were dried for 1 week 
at 71 C with forced ventilation before weighing for yield 
comparisons. 
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Serotypinq The nodules taken at the 70 day sampling 
were used for serotyping. Nodules from 1 replication of 
the inoculated controls were serotyped first to determine the 
dominant serotype, after which nodules were only typed with 
antisera against the dominant serotype and against the inocu­
lum strain. When only 2 antisera were used, nodules as small 
as 2 mm yielded enough antigens for positive reactions. The 
dominant serotype for each site and the percentage of nodules 
formed by it are given in Table 34. In the 196 8 field study, 
20 tap root nodules and 20 lateral root nodules from the 
nodule samples of each replication were selected at random 
for serotyping. In the 1969 field study, tap and lateral 
root nodules were not kept separate so only 20 nodules from 
each replication were serotyped. 
Results and discussion 
The previous experiments showed that numbers of soybean 
rhizobia in Iowa soils vary greatly and many of the field 
isolates of R. japonicum tested were relatively inefficient 
in nitrogen fixation. Based on these results and the green­
house tests on numbers of rhizobia needed as inoculum to 
give optimum nodulation, field experiments were designed to 
determine: 1) the numbers of R. japonicum necessary to 
induce early nodulation and to form the "maximum" nodule mass 
on soybeans grown in the field; 2) the effect of the native 
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soybean rhizobia population on the percentage of nodules 
formed by the inoculum strain; and 3) the yield response of 
the plant in terms of dry matter production, percent nitrogen 
and seed yield as affected by inoculation. 
19 6 8 field experiment Inoculation of soybeans, at 
rates up to 300 million soybean rhizobia per 2.5 cm of row 
on fields with more than 1000 R. japonicum per g of soil, 
did not result in substantial earlier nodulation or in 
greater nodule mass on soybeans (Tables 14 and 15). Inocu­
lation of soybeans grown on the 2 soils having fewer than 
10 soybean rhizobia per g increased nodule numbers but did 
not increase total nodule mass. Soils having few effective 
rhizobia required at least 30,000 rhizobia per 2.5 cm of 
row to increase nodulation. 
Examination of the data given in Tables 14 and 15 show 
that amount of nodulation on soybeans varied greatly with 
location. The reasons were not determined. It was not due 
to lack of rhizobia since all plants inoculated with 300 
million soybean rhizobia had approximately 100,000 rhizobia 
per g of soil in the plants rhizosphere 2 weeks after ino­
culation (Table 16). A correlation coefficient of +0.94 
(significant at the 0.01 level) between total nodule numbers 
and total nodule mass indicated that the same factor or 
factors may have been limiting both nodule mass and nodule 
numbers. 
Table 14. Numbers of nodules formed on the tap and lateral roots of field grown 
soybeans at two sampling times as affected by native populations of 
R. japonicum and numbers added as inoculum at planting^ 
Site Native Numbers Time Root None 
log 
0.5 
number applied/2.5 
2.5 4.5 
2 
cm of row 
6.5 8.5 
log/g soil days 
39 <1.06 30 tap** 1. 3a 1.3a 1. la 1.2a 4 . 2b 4.8b 
lateral** 0.7a 0 . 8a 1.0a 1.1a 2.3 4.0 
70 tap** 2.4a - 2.0a 2. 5a 4.3b 5.3b 
lateral** 2. 5a — 2 . 5a 2. 5a 3.7b 4.2b 
51 4.97 30 tap 6.4 6.5 6.2 6.9 6.5 7.7 
lateral 5.8 5.9 4.8 5.2 5.7 5.8 
70 tap 8.6 - - 10. 3 10.6 10.4 
lateral 10.7 — — 9 .1 8.5 9 . 4 
50 <1.06 30 tap** 2 . 8a 2. 7a 2.9a 4.2b 5.6c 4. 8b c 
lateral** 1. 5a 1.4a 1.5a 2.0a 2.9 4.0 
70 tap** 4.7a - 5. 2ab 6.8b 6. 8b 9.7 
lateral 8.4 — 10.6 7 . 8 7.2 9.1 
54 3. 74 30 tap** 5.2a 6. Oab 5. 6ab 5. 7ab 6. 6b 7.8 
lateral* 2. 4ab 2. 5ab 2. Oa 2 . 3ab 3. 6cb 4. Ic 
70 tap 14.4 - - 13.4 12.9 12. 8 
lateral 12.1 - - 12.3 12.0 12.2 
^Symbols *=significance at the 0.05 level by F test; **=significance at the 
0.01 level by F test; <=less than. 
2 Values, in rows, having a letter in common were not significantly different 
at the 0.05 level by Duncan's new multiple-range test. 
Table 14 (Continued) 
Site Native Numbers Time Root None 
log 
0.5 
number 
2.5 
applied/2.5 
4.5 
cm of 
6.5 
row^ 
8.5 
log/g soil days 
4 8  3.12 30 tap 5.5 7.1 6.6 6.0 7.4 5.8 
lateral 13.2 10.9 12.6 10.7 15.7 14.6 
70 tap 21.1 - - 18. 2 19. 5 18.1 
lateral 2 2 . 2  — — 23.5 24.3 19 . 5 
52 5. 36 30 tap 11. 5 11.7 13.0 13. 2 13.0 12.2 
lateral 7.1 8.7 8.9 7.6 7.8 6.9 
70 tap 18. 6 21.4 20.0 19.0 22 . 0 21.2 
lateral 23.3 18. 3 23.5 19.4 2 2 .  0  16.2 
Table 15. Fresh weight of nodules formed on field grown soybeans 70 days after 
planting as affected by the native population of R. japonicum and number 
of R. iaponicum added as inoculum at planting 
Site Native^ 
number Root None 
log number applied/2.5 cm of row 
0 . 5 2.5 4.5 6.5 8.5 
39 <1.06 tap 18 15 22 25 24 
lateral 13 - 11 14 19 14 
whole 31 - 26 36 44 38 
51 4.97 tap 65 - - 78 71 65 
lateral 50 - - 42 42 32 
whole 115 - - 120 113 97 
50 <1.06 tap 45ab - 42a 63bc 5 3abc 66c 
lateral 35 - 36 32 31 34 
whole 80 - 78 95 84 100 
54 3.74 tap 130 - - 132 132 160 
lateral 91 - - 68 84 92 
whole 221 - - 200 216 252 
48 3.12 tap 304 - - 267 315 274 
lateral 270 - - 253 262 217 
whole 574 - - 520 577 491 
52 5. 36 tap 234 244 140 208 235 213 
lateral 171 115 146 121 136 101 
whole 405 359 286 329 371 314 
^Log of the native number of R. japonicum per g of soil. Symbol <=less than. 
2 This was the only treatment within sites that had significant differences 
at the 0.0 5 level by the F test. Treatments followed by the same letter were 
not significantly different at the 0.05 level by Duncan's new multiple-range test. 
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Table 16. Log numbers of R. japonicum per g soil 2 weeks 
after planting soybeans in the field as affected 
by numbers of R. japonicum added as inoculum 
Site^ None log number applied/2. 5 cm of row 0.5 2.5 4.5 6.5 8.5 
39 <1.06^ <1.06 <1.06 <2.06 <3.60^ 4.78 
51 4.97 4.74 4.99 4.97 5. 30 5.45 
50 <1.06 1.71 <1.06 < 2 . 6 0 ^  < 3 . 0 6  5.41 
54 3.74a 3.89a 3.52a 3.99ab 4.72b 5.76 
48 3.12a 2.78a 2.98a 2.96a 3.26a 4.98 
52 5.36a 5.49a 4.79b 4.96b 4.63b 5.36a 
Sites 39 and 50 were not tested statistically for 
significant differences between treatments. Values, in rows, 
having a letter in common were not significantly different 
at the 0.05 level by Duncan's new multiple-range test. 
2 Symbol <=less than. 
^One sample out of the 3 samples taken gave the indi­
cated number but the other 2 samples had fewer than the given 
number. 
An inoculum rate of 300 million rhizobia per seed re­
sulted in more than 40% of the nodules being formed by the 
inoculum strain for soybeans grown on 5 out of the 6 sites 
but an inoculation rate of 30 thousand rhizobia per seed 
resulted in less than 25% of the nodules being formed by 
the inoculum strain for 5 out of 6 sites (Table 17). Even 
in soils with low populations of native soybean rhizobia, 
approximately 1 million rhizobia needed to be added per 
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soybean seed if the inoculated rhizobia were to compete 
favorably for the nodule sites. 
The percentage of the nodules on the tap and lateral 
roots formed by the inoculum strain was respectively 26% and 
23% averaged across all sites. The difference was signifi­
cant at the 0.05 level using a paired comparison test. It 
was expected that the inoculum strain would form a much 
higher percentage of the nodules on the tap root than the 
lateral roots because of the localized placement of the 
inoculum. 
In general, inoculation did not significantly increase 
dry matter production of soybeans, percent nitrogen in 
soybean tops, or soybean seed yield (Table 18). A 12.5% 
increase in dry matter production at 70 days due to inocu­
lation was observed for one site and another site showed a 6% 
increase in percent nitrogen in plant tops at 70 days due to 
inoculation. It appears that nitrogen was not limiting plant 
growth and/or the inoculum strain was not efficient enough 
to increase plant growth. 
1969 field experiment The 1969 experiment was 
designed to verify that strain 138 could compete favorably 
for nodule formation on field grown soybeans and to include 
strain 110 to see if it would show the same competitive 
relationship. Also the effect of inoculation on seed yield 
was to be checked in conjunction with suitable controls to 
Table 17. Percent of nodules formed on field grown soybeans 70 days after plant­
ing by serotype 138 as affected by the size of the native population 
of R. japonicum and the number of strain 138 added as inoculum at plant­
ing! 
Site Native 
numbers Root None 
log 
0.5 
number a 
2.5 
pplied/2.5 
4.5 
cm of 
6.5 
row 
8.5 
log/g soil 
39 <1.06 tap 0 - 7a 16a 75 94 
lateral 1 — 8a 10a 65 83 
51 4.97 tap la — — 2a 5a 11 
lateral la — — 5ab 8b 9b 
50 <1.06 tap 2a - 5a 42 66 88 
lateral la — 3a 38 59 82 
54 3.74 tap la — — 7a 40b 43b 
lateral 2a — — 8a 32 41 
48 3.12 tap 20a — — 21a 33a 48 
lateral 15a — — 16a 34 47 
52 5 . 3 6  tap 4ab 3a 8ab 9ab 14b 54 
lateral 4a 4a 3a 6a 10a 46 
All of the treatments within sites gave significant F values at the 0.01 
level. Values, in rows, with a letter in common were not significantly different 
at the 0.05 level by Duncan's new multiple-range test. 
Table 18. Seed yield of field grown soybeans, dry matter production at two 
sampling times and percent nitrogen in the corresponding dry matter 
samples as affected by the numbers of R. japonicum added as inoculum 
at planting^ 
Site Native Variable^ Time None log number applied/2.5 cm of row^ 
number 0.5 2.5 4.5 6.5 8.5 
log/g soil days 
39 <1.06 seed - 1688 1647 1649 1696 1703 1680 
d.m. 70 3.2a 3.3a 3.4ab 3.6b 3.7b 3.6b 
90 12.6 13.6 13.6 15.2 14.7 15.2 
%N 70 3. 73 - - - - 3.83 
90 2.63 — — — — 2.68 
51 4.97 seed 
d.m. 
%N 
70 
90 
70 
90 
1492 
2 . 6 
13.6 
3. 80 
3.13 
1554 
2.4 
13. 4 
1530 
2 . 6  
15.1 
1620 
2.5 
12. 8 
1522 
2 . 6 
14.6 
1587 
2 . 8 
14.8 
3. 80 
3.17 
seed - 2630 2 6 8 8  2541 2671 2511 2539 
d.m. 70 5.6 5.6 5.6 5.4 5.5 6.0 
90 21.6 20.0 21.0 21.7 22.1 22.9 
%N 70 3 . 5 8  - - - - 2.58 
90 3.58 - - - - 2.65 
^Symbols *=significance at the .05 level by F test, **=significance at the 
0.01 level by F test and <=less than. 
2 Seed yield in kg/hectare taken at maturity; dry matter production per plant 
top in grams. 
3 Values, in rows, having a letter in common were not significantly different 
at the 0.05 level by Duncan's new multiple-range test. 
Table 18 (Continued) 
Site Native 
number Variable^ Time None 
log 1 
0.5 
number applied/2.5 
2.5 4.5 
cm of 
6.5 
3 
row 
8.5 
log/g soil days 
54 3.74 seed* - 27 Slab 2865b 2812b 2688a 2866b 2824b 
d. m. * 70 6.0b 5. 5a 5 . 7ab 6. 4b 5.3a 6. Oab 
90 15. 4 17.0 17. 4 17. 2 18.1 17.9 
%N 70 3.33 - - - - 3.34 
90 3.18 - — - — 3. 34 
48 3.12 seed — 2331 2342 2289 2379 2571 2313 
d. m. 70 4.3 4.0 4.4 4.3 4.0 4.3 
90 10 . 7 11.4 11.0 11.5 11.3 12 . 4 
%N** 70 2.99 - - - - 3.18 
90 3.97 - — — — 4.03 
52 5.36 seed _ 1937 1745 1743 1864 1887 1720 
d.m. 70 3.7 3.5 3.5 3.2 4.1 3.1 
90 12.6 15. 3 13.6 13.4 17. 8 14.7 
%N 70 3.54 - - - - 3.59 
90 2.96 - - - - 2.95 
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determine if nitrogen was limiting seed yield. 
The inoculum prepared for this experiment was dis­
covered to be contaminated with unknown organisms after 
planting so the actual inoculum size is unknown. Initial 
turbidity measurements of the inoculum suspension indicated 
that the highest rate added was approximately the same as 
the previous year. 
Strain 138 gave about the same recoveries as was expected 
from the previous field experiment taking into consideration 
the probable inoculum size and the soil native population 
(Table 19). The recovery of strain 110 was appreciable only 
at one of the four sites. At a given inoculum rate, strain 
110 was always recovered in a lower percentage of the nodules 
than strain 138. Since the actual numbers of rhizobia added 
were not known, no significance can be attached to this rela­
tionship. The numbers of 110 added as inoculum at the site 
having approximately 100,000 native soybean rhizobia per g 
of soil were known to be 20 million per seed, but there was 
not a significant increase in the percentage of nodules 
formed by strain 110. 
A seed yield increase due to inoculation of soybeans 
was not observed at any of the sites where yield measurements 
were made (Table 20). Seed yield was not taken at site 62 
because the beans were damaged by flooding and disease. 
Nitrogen was shown not to be limiting seed yield at 2 of the 
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Table 19. Percent of the nodules formed on field grown soy­
beans by the inoculum serotype as affected by the 
size of the native population of R. japonicum 
and the numbers of the inoculum strain added at 
planting 
Site Native 
number 
Inoculum 
strain^ None 
Number applied/2.5 cm of row 
7.3^ lOOX 10,000% 
log/g soil 
60 5. 45 110 8 11 - - -
61 4. 85 110** 0 - - 1 19 
138** 0 - 0 18 62 
62 5.30 110 0 - - - 3 
138** 0 - 0 6 22 
53 5.04 110 0 - - - 1 
138** 0 _ 0 36 
^Symbol **=significance at the 0.01 level by the F 
test. Treatments showing significance by the F test were 
significantly different from each other at the 0.05 level 
by Duncan's new multiple-range test. 
= lowest dilution applied (actual numbers unknown). 
Log number applied per 2.5 cm of row. 
sites since 196 kg of fertilizer per ha did not significant­
ly increase yields (Table 20). 
Site 61 is useful in comparing competitiveness of strain 
13 8 across years since it was adjacent to the area used in 
1968. Similar percentages of the nodules were formed by 
strain 138 both years when comparable inoculation rates were 
used (assuming the highest rate added each year was the same). 
Table 20. Seed yield of field grown soybeans as affected by the numbers of R. 
japonicum added as inoculum at planting and the affect of adding 
196 kg N/ha to the soil 3 weeks after planting^ 
Site Native 
number 
Inoculum 
strain 
Number applied/2. 5 cm of row 
None None + N^ 7.3° x"3 lOOX 10 ,000X 
log/g soil kg/ha k.g/ha kg/ha kg/ha kg/ha kg/ha 
60 5. 45 110 3422 — 3321 — — — 
61 4.85 110 2866 3060 - 2788 2460 2872 
138 2866 3060 - 2842 2614 2796 
53 5.04 110 2700 2786 - 2552 2864 2474 
138 2700 2786 2213 2334 2600 
^Seed yield was not significantly increased (0.05 level) by inoculation. 
^Nitrogen was banded at a rate of 196 kg N per ha 3 weeks after planting. 
Increase due to application of nitrogen was not significant at the 0.05 level. 
"^Log number applied per 2.5 cm of row. 
= lowest dilution applied (actual numbers not known) . 
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Relationship between Inoculum Size and Competitive 
Modulation of Soybeans Grown in Soil in the Greenhouse 
Experimental procedures 
Soils Soil samples taken from 22 Iowa fields varying 
ing widely in populations of soybean rhizobia were used in 
this experiment. The soils were passed through a 2 mm sieve 
and thoroughly mixed after which subsamples were taken 
from each soil 2 days prior to inoculation to determine 
the numbers of soybean rhizobia present. The R. japonicum 
populations and some other properties of the 22 soils are 
given in Table 28. The soil type of each soil is given 
in Table 25. 
Moisture control of soils Moisture content was main­
tained between 60% and 85% of the moisture held at 1/3 bar 
pressure (Richards, 1965). Some pots were weighed daily to 
determine the moisture status. When the water content of a 
given soil was reduced to the 65% level, enough distilled 
water was poured on the surface of the soil to raise the 
water content to the 85% level. One day prior to seeding 
and inoculation, all soils were watered. 
Culture preparation The cultures of R. japonicum 
were grown in medium "5". Numbers of rhizobia applied as 
inoculum were determined by the pour plate method at the 
start of inoculations and again when inoculations were 
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completed. The average of the 2 counts was used as the 
number of rhizobia applied. For strain 110, the initial 
count was the same as the count at the end of the experi­
ment but for strain 138 the final count was half as large 
as the initial count. 
Planting and inoculation One Z plastic containers 
were used to grow the soybeans in. Approximately 1.1 kg 
of soil (approximately 0.9 kg of oven dry soil) was put 
into each container. A trough approximately 2 cm deep by 
1 cm wide by 7.6 cm long was made in the soil for inocu­
lation and planting of soybeans. The trough formed a 
straight line through the middle of the container but 
stopped 1.7 cm from either side of the container. The 
inoculum was added to the trough at a rate of 1 ml per 
2.5 cm of trough length giving a total of 3 ml of inoculum 
applied. Only 1 strain of rhizobia was added to a given 
container. Four Amsoy variety soybeans were evenly spaced 
in the trough after the addition of the inoculum. The seeds 
were covered with about 2 cm of soil immediately after plant­
ing. Seedlings were thinned to 2 per container 5 days after 
planting. The plants were grown in the greenhouse for 6 weeks 
during the months of July, August and September. The green­
house was artificially cooled to keep the day temperature 
below 32 C. 
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Serotyping The serotype forming the greatest per­
centage of the nodules on the uninoculated controls was deter­
mined first (Table 35). All nodules were typed with antisera 
against the dominant serotype given in Table 35 and the in­
oculum serotype. The tap root nodules were serotyped separate­
ly from the lateral root nodules. Up to 60 nodules of each 
type were serotyped for each treatment (20 nodules per repli­
cation). If 20 nodules were not available in a replicate, all 
r-
of the nodules in that replicate were serotyped. The number 
of nodules in each treatment large enough for serotyping is 
given in Table 38. 
Experimental design A completely randomized design 
with 3 replications per treatment was used for each soil and 
each soil was kept separate from the others. 
Results and discussion 
The objectives of this study were to more accurately 
determine the size of the native population of soybean 
rhizobia needed for "maximum" nodulation of soybeans and to 
more accurately determine the competitive relationship between 
native soybean rhizobia and inoculum rhizobia for soybean 
nodules. To achieve these objectives soybeans were 
inoculated at 4 levels with 2 strains of R. japonicum and 
the soybeans were grown in 22 soils ranging widely in the 
populations of native soybean rhizobia. After 6 weeks of 
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growth in the greenhouse the plants were harvested and the 
number of nodules formed, the total nodule fresh weight, and 
the serotype of rhizobia forming the nodules were determined. 
Nodule number on the tap root of soybeans grown on 9 
out of the 22 soils was increased by inoculation (Table 21). 
Tap root nodulation of soybeans grown on the 6 soils having 
fewer than 10 native soybean rhizobia per g was greatly 
stimulated by all levels of inoculation. In general, 
increasing the level of inoculum to more than 1 million 
per 2.5 cm of row increased the numbers of tap root nodules 
over the uninoculated control and the lowest inoculum level 
when soybeans were grown in soil with 10 or fewer soybean 
rhizobia per g. Inoculation of soils containing more than 
1000 native soybean rhizobia per g resulted in increased 
tap root nodulation of soybeans grown in only 1 out of the 
13 soils in this category. 
Nodule number on the lateral roots of soybeans was in­
creased by inoculation for 6 out of the 8 soils having 200 
or less soybean rhizobia per g (Table 22). Soybeans grown 
on soils having more than 200 soybean rhizobia per g were 
not stimulated to produce more lateral root nodules by ino­
culation. 
Inoculation of soybeans with different levels of 2 
strains of R. japonicum resulted in significant increases in 
nodule mass for at least 1 inoculation treatment on soybeans 
Table 21. Number of nodules on the tap root of soybeans grown in a greenhouse 
for 6 weeks as affected by the native population of R. japonicum 
added as inoculum at 3 levels^ 
Soil 
no. 
Native . 
numbers' 
None Inoculum level 
4.95 
Strain 110 
6 .95 8.95 4 . 65 
Strain 138 
6.65 8.65 
1 <0.70 0 8a 20b 20b 8a 11a lOa 
2t 3.38 6 8 8 14 8 10 10 
3 <0.36 2a 6ab lObc lObc 3a lObc 12c 
4 <0. 36 la 5ab 9bc 14d 8bc 7bc lOcd 
5t 5. 70 6 5 6 8 5 8 10 
6t >6. 00 12 15 16 12 16 16 20 
7t 2.40 8 10 15 11 8 12 13 
8 0. 52 0 4 9ab 13c 8ab 7a lOabc 
9 3.08 6a 5a 8a 16b 7a 8a lOab 
10 2. 30 3a 7ab 10 ab 8ab 7ab 9ab 14b 
11 4. 61 10a 20bc 20bc 15 abc 12ab 22c 15abc 
12 0.95 0 3a 2a 8ab 3a 12b 13b 
^Treatments within soils with letters in common were not significantly dif­
ferent at the 0.05 level of significance using Duncan's test. 
2 Nodule numbers are on a per plant basis. 
^Log native population per g of soil. Symbols <=less than, >=more than, 
t= no significant differences at the 0.05 level by the F test. 
Table 21 (Continued) 
Soil Native , None Inoculum level^ 
no. numbers^ Strain 110 Strain 138 
4.95 6.95 8.95 4.65 6.65 8.65 
13t 4 . 5 2  15 14 11 16 14 14 12 
14t 3.69 9 9 10 13 9 8 10 
15 <0.68 3ab 8ab 13c lObc 7ab 9bc 14c 
16t 5.95 17 16 16 13 15 14 12 
17t 5.36 12 15 15 12 14 11 13 
18t 4.52 4 2 5  2 4 5 5 
19t 3.69 6 9 9 12 6 9 8 
20t 4.52 6 8  8 11 7 10 7 
21t 5. 54 13 1 2  13 14 13 11 13 
2 2 t  5.61 8 9 9 10 10 10 13 
Table 22. Number of nodules on lateral roots of soybeans grown in a greenhouse 
for 6 weeks as affected by the native population of R. japonicum and 
2 strains of R. japonicum added as inoculum at 3 levels^'^ 
soil Native Inoculum level^ 
, 3 None Strain 110 Strain 138 
no. numbers 4.95 6.95 8.95 4.65 6.65 8.65 
1 <0 . 70 6a llabc 18cd 21d 8ab 13bc 15c 
2 3.38 5ab 3ab 7b 7b 3a 6b 5ab 
3t <0.36 5 6 9 9 4 7 5 
4t <0.36 3a 7bc 8bc 10c 5ab 8bc 8bc 
5t 5.70 19 20 24 17 23 17 14 
6t >6.00 11 12 10 11 10 9 11 
7t 2. 40 21 22 27 21 14 15 16 
8 0.52 9ab 14bc 16c 16c 7a llab 13bc 
9t 3.08 11 12 12 12 11 9 11 
10 2. 30 8a 12ab llab 16b 7a 13ab 8a 
lit 4.61 32 29 28 24 26 21 22 
12 0.95 la 6b 18c 18c 8b 9b 9b 
13t 4.52 18 18 13 24 20 16 17 
14t 3.69 10 10 10 11 9 7 11 
15 <0.68 8bc 8bc 8bc 4a 5ab 6ab 13c 
^Treatments within soils with letters in common were not significantly dif­
ferent at the 0.05 level of significance using Duncan's test. 
2 Nodule numbers are on a per plant basis. 
3 Log native population per g of soil. Symbols <=less than, >=more than, 
t=no significant differences at the 0.05 level by the F test. 
4 Inoculum level is the log of the number of cells added per 2.5 cm of row. 
Table 22 (Continued) 
Soil Native Inoculum level" 
, 3 None Strain 110 Strain 138 
no. numbers 4.95 6,95 8.95 4.65 6.65 8.65 
16t 5.95 18 18 15 17 14 8 15 
17 + 5. 36 16 12 8 11 13 13 11 
18t 4.52 24 22 28 16 21 26 28 
19 + 3.69 12 14 12 11 8 9 9 
20 + 4.52 11 20 13 18 13 16 12 
21+ 5.54 21 20 19 18 20 20 15 
22 + 5.61 9 10 8 10 6 12 9 
115 
grown in 4 out of the 22 soils (Table 23). The 4 soils con­
tained fewer than 10 R. japonicum per g prior to inoculation. 
Soybeans grown on 2 other soils containing fewer than 10 R. 
japonicum per g did not show significant increases in nodule 
mass. Differences between total nodule mass on uninoculated 
vs. inoculated soybeans were interpreted to be non-significant 
if the difference did not reach statistical significance at 
the 0.05 level or if the inoculum serotype was not recovered 
in the nodules of the inoculated soybeans. 
Soybeans grown in soil no. 3, 13, and 17 showed signifi­
cant decreasing trends for the amount of total nodule tissue 
formed as the amount of inoculum was increased for 1 or 
both strains of R. japonicum. If the inoculum strain was 
not as effective as the soil strains, total nodule mass 
formed on the plant would decrease with increasing numbers of 
nodules being formed by the inoculum strain as was observed 
for soils 13 and 17 (Tables 36 and 37). The negative response 
in nodule mass for increasing rates of inoculum added to soil 
no. 3 was not due to differences in effectiveness of strains 
because 100% of the nodules on all inoculated plants were 
formed by the inoculum strain (Tables 36 and 37). 
From 18 to 351 mg of fresh nodule tissue was formed by 
soybeans grown on the 22 soils (Table 23). A multiple 
regression of initial soil nitrate nitrogen and final soil 
nitrate nitrogen (Table 43) on the amount of nodule tissue 
Table 23. Total fresh weight of nodules formed on soybeans grown in a greenhouse 
for 6 weeks as affected by the native population of R. japonicum and 2 
strains of R. j aponicum added as inoculum at 3 levelsl,% 
Soil^ 
no. 
Native ^ 
numbers None 
Inoculum level 5 
Strain 110 Strain 138 
4.95 6.95 8.95 4.65 6.65 8.65 
mg mg mg mg mg mg mg 
It <0.70 102 133 119 123 155 150 142 
2t 3. 38 21 19 12 19 24 15 15 
3 <0.36 18ab 38cd 18ab 13a 44d 39d 2 3abc 
4 <0.36 28a 25a 2 7 a  36ab 45abc 67bc 77c 
5t 5. 70 104 134 195 53 129 65 31 
6 >6.00 106b 79ab 57ab 56ab 49a 55ab 60ab 
7t 2. 40 84 98 82 37 74 63 47 
8 0. 52 28bc 16a 26bc 19ab 30cd 30cd 39d 
9t 3.08 94 99 104 118 126 136 81 
lot 2. 30 62 64 43 61 53 68 55 
lit 4.61 291 415 363 279 383 404 325 
12 0.95 4 20a 40a 22a 59a 44a 41a 
13 4. 52 336b 229a 200a 253a 327b 231a 221a 
141 3.69 165 231 163 159 223 174 157 
1, Treatments within soils with letters in common were not significantly dif-
ferent at the 0. 05 level of significance using Duncan's test. 
Nodule weights are on a per plant basis and included nodules larger than 1 
mm dia. 
Symbols <=less than, >=more than, t=no significant differences at the 0.05 
level by the F test. 
^Log native population per g of soil. 
^Inoculum level is the log of the number of cells added per 2.5 cm of row. 
Table 2 3 (Continued) 
Soll^ Native inoculum level= 
, 4 None Strain 110 Strain 138 
no. numbers 4.95 6.95 8.95 4.65 6.65 8.65 
15 <0.68 185b 162ab 122ab 95a 125ab 100a 138ab 
16 + 5.95 249 262 260 196 259 154 221 
17 5.36 226ab 234ab 191abc 132c 265a 245ab 181bc 
18+ 4.52 111 73 148 139 119 34 90 
19 3.69 2 0ab 61c 55bc 2 8abc 14a 19 ab 16a 
20 + 4.52 104 235 157 205 157 205 134 
21+ 5. 54 251 279 150 213 224 209 232 
22+ 5.61 144 133 134 62 122 111 148 
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resulted in a nonsignificant correlation coefficient of -0.02. 
Plots of the other soil properties given in Table 2 8 with 
total nodule fresh weight did not reveal any trends. 
A correlation coefficient of 0.77** between total 
nodule numbers and total nodule weights formed across soils 
was obtained which substantiates the same relationship 
observed in the 1968 field study. 
Linear multiple regression equations 1, 2 and 3 given 
below for the designated strains were found to satisfactorily 
fit the data given in Tables 36 and 37 on the percentage of 
the soybean noJules formed by the inoculum strain. The b 
values of equations 1, 2 and 3 were all statistically 
(1) = -3,5 + 16.93 log - 16.00 log 
(2) = 27.2 + 11.39 log - 17.73 log 
(3) = 34.2 + 10.40 log X^ - 16.25 log + 
0.91 X3 - 8.33 X^ 
Y = Percent of nodules formed by the inoculum strain. 
X^ = Number of cells of the inoculum strain added per 
2.5 cm of row. 
Xg = Number of native soybean rhizobia present per g 
of soil. 
Xg = Percent clay in the soil. 
X^ = Percent organic matter in the soil. 
significant at the 0.05 level (Table 39) except the b value 
for Y in equation 1. The b values in equation 1 were not 
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significantly different from each other at the 0.05 level 
but the corresponding b values in equations 2 and 3 were 
significantly different from each other at the 0.05 level. 
Table 40 gives the r values for each equation above and 
shows the effect of dropping variables on the size of the 
r value. The complete regression analysis is given in 
Tables 39, 40, 41 and 42. 
A given percentage recovery of strain 138 in nodules 
was achieved with a lower inoculum rate than was needed with 
strain 110 as is illustrated in Figure 13. Equations 1 and 
2 were used to obtain the regression lines in Figure 13. 
Equation 2 was used rather than equation 3 for strain 110 
because a straightforward comparison could be made with 
values obtained from equation 1 for strain 138 and the r 
value obtained for equation 3 was only 4.3% greater than the 
r value obtained for equation 2 (Table 40) . The calculated 
percent recovery of strain 110 in nodules using equations 
2 and 3 would usually be similar since the correlation 
between the percent clay and percent soil organic matter is 
quite high and the magnitude of the b values are such that 
they would tend to cancel each other in affect. The correla­
tion coefficient between percent clay and the organic matter 
content was +0.84** for the 22 soils used in this study 
(Table 41). 
The reason for the effect of the percent clay and the 
Figure 13. Percent of nodules (5%, 45%, 85%) derived from 
prediction equations for R. japonicum Beltsville 
strains 110 (-) and 138 (—), formed by the 
inoculum strain with level of inoculum and soil 
population of R. japonicum being variable 
Limits of area investigated 
LOG NUMBER OF R. JAPONICUM APPLIED PER 2.5 CM OF ROW 
M t o  U l  O N  0 0  V O O  
Ln dP 
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percent organic matter on the recovery of strain 110 and 
not on 138 in nodules of soybeans was not determined but it 
is worthy of further experimentation. If equation 3 
holds for all soils, strain 110 would have a competitive 
advantage in soils high in clay but low in organic matter. 
On the average, the inoculum strains formed a higher 
percentage of the tap root nodules than lateral root nodules. 
Strain 110 formed 46% and 40% of the nodules for each nodule 
type respectively and strain 138 formed 54% and 50% of the 
nodules for each nodule type respectively. The difference 
in percent of nodules formed by the inoculum strain on the 
tap root vs. the lateral roots was determined to be signifi­
cant at the 0.05 level using a paired comparisons test. 
The recoveries of the inoculum strains in the tap root 
nodules and lateral root nodules of soybeans grown on the 
22 soils is given in Tables 39 and 40. 
Application of equation 1 to the field soils inoculated 
in 1968 at various levels with strain 138 showed that a 
reasonably accurate prediction of the recoveries was achieved 
I 
(Table 24). For sites 50 and 51, the number of native soybean 
rhizobia was assumed to be 10 per g of soil since one month 
earlier the numbers were in that range (Table 5). By 
using either equation 1 or 2 given earlier, at least a 
minimal level of inoculum can be predicted to be needed to 
get a particular percentage of the nodules to be formed on 
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Table 24. Comparison between the observed and theoretical 
percent of tap root nodules formed on field grown 
soybeans by R. japonicum serotype 138 added at 
various levels as inoculum to 6 soils at planting. 
The soybeans were grown for 70 days^ 
Site 
Log 
native 
population 
None 2.5 
Inoculum 
4.5 
level^ 
6.5 8.5 
51 <1.06 0 7 (23) 14(57) 75(91) 94 (124) 
39 4.97 1 - - 5(27) 11(61) 
50 <1.06 2 5(23) 42 (57) 66 (91) 88(124) 
54 3.74 1 - 7(13) 40(47) 43(81) 
49 3.12 20 - - 33(54) 48(94) 
52 5.36 4 14(21) 54(55) 
^The numbers in parentheses are the theoretical values 
and have standard errors that range between 14 and 15. 
^Inoculum level is the log number added per 2.5 cm 
of row. 
soybeans by the inoculum strain when the size of the 
population of native soybean rhizobia is known. 
The location deviating the greatest from the predicted 
values gave values close to the predicted values in the 
greenhouse (soil number 5, Table 36). A possible reason 
for this is that Hark variety soybeans were used at site 39 
but Amsoy variety soybeans were used in the greenhouse. 
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SUMMARY AND CONCLUSIONS 
In the past, few "most probable number" (MPN) counts 
have been made on soils because of high labor and space 
requirements. A technique using plastic growth pouches 
was developed for these studies and was equal in accuracy 
to plate counts and the sand jar MPN technique. The use 
of pouches rather than sand jars for MPN counts reduced 
the labor per sample by 90% and the space requirement by 
8 0 % .  
Populations of R. japonicum in soil samples from 52 
Iowa fields ranged from less than 2 to more than 1 million 
per g of soil. Half of the 18 fields that had not grown 
soybeans in the 12 years prior to sampling contained less 
than 100 soybean rhizobia per g of soil. But approximately 
9% of the 34 fields that had grown soybeans at least once 
during the 12 years prior to sampling contained less than 
100 per g of soil and approximately 25% of these 34 fields 
contained less than 10,000 soybean rhizobia per g of soil. 
Serological and phage studies on 440 rhizobial isolates 
from nodules of field grown soybeans detected several sero­
types within each of the seven serogroups of R. japonicum 
found in Iowa soils. For serogroup 123, previously found 
in 65% of the nodules on Iowa soybeans, there were 19 
distinct serotypes among 22 isolates. 
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More than half (12 of 22) of the isolates were signifi­
cantly less efficient in soybean growth than the best isolate. 
Selection and inoculation of these better strains could 
result in more efficient soybean production if inoculation 
could result in more nodules formed by the efficient strains. 
Greenhouse and field tests indicated that approximately 
1 million R. japonicum must be supplied per seed to get 
maximum nodulation in soils with fewer than 10 soybean rhizo-
bia per g. When more than 1000 soybean rhizobia were pre­
sent, nodulation was not increased by inoculation at rates 
as high as several hundred million per seed, but the chances 
of the nodules being formed by the inoculated strain were 
increased. Total nodule mass and total nodule numbers across 
soils were highly correlated for soybeans grown in the field 
(r value of +0.94) and in the greenhouse (r value of +0.77). 
These high correlations indicated that the same factors 
limiting nodule mass may also be limiting nodule numbers. 
A significant but only slightly higher percentage of 
the tap root nodules vs. the lateral root nodules were formed 
by the inoculum strain. 
A multiple regression equation (Y = -3.5 + 16.92 log 
- 16.00 log X^) accounted for 75% of the variation in 
the percentage of the total soybean nodules formed in 22 soils 
inoculated with Beltsville strain 138. Variables in the 
regression equations for both strains were the quantity of 
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inoculum added per 2.5 cm of row (X^) and the soil popu­
lation already present (Xg). A comparable equation was 
obtained for Beltsville strain 110. Percent clay and percent 
soil organic matter accounted for a small (7%) but signifi­
cant amount of the variation in percent of the nodules formed 
by strain 110. 
The multiple regression equation given above for strain 
138 was used as a prediction equation for the percentage of 
nodules formed by strain 138 when inoculated at different 
levels to field grown soybeans. The predicted values were 
higher than the experimental values but were close enough 
so that the equation would serve to estimate the minimum 
inoculum level needed for successful competitive nodulation 
of soybeans. 
There is a potential for soybean seed yield increase due 
to inoculation. To determine the magnitude of increases 
possible, further field trials are needed with selected 
strains and known numbers of rhizobia in the inoculant. If 
the increases are large enough, it may be economical to 
provide the large numbers of inoculum rhizobia needed in 
many soils. Populations of soil rhizobia could be deter­
mined by the technique given in this dissertation and 
recommendations on the quantity of inoculum needed could be 
made based on the relationship developed here if further 
tests show other strains to react similarly. 
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APPENDIX 
Table 25. Approximate locations of all sites referred to in these studies, soil 
series of the sites, and the corresponding Iowa Corn Yield Study Site 
name 
Corn Soil 
series 
Location 
Site^ yield 
study 
City E 
mi. 
W 
mi. 
N 
mi. 
S 
mi. 
1 Fayette 17 Sparta West Union 2 _ _ 
2 Howard 33 Oran Cresco 1 - - 3 
3 Clay 15 Primghar Everly - - - 3 
4 Woodbury 7 Ida Moville - - 4 -
5 Crawford 41 Shelby Vail - 1 - 4 
6 Clay 2 7 Sac Royal - 1 - 3 
7 Harrison 33 McPaull Modale 5 - - -
8 Howard 14 Oran Lime Springs - 6 - 2 
9 Harrison 23 Kennebec Woodbine 1 - 2 -
10 Bremer 12 Clyne Tripoli 4 - - -
11 Wayne 24 Edina Corydon 10 - 7 -
12 Hamilton 10 Nicollet Ellsworth 5 - 4 -
13 Keokuk 29 Mahaska Sigourney - - - 2 
14 Hamilton 12 Nicollet Kamrar - 3 - 1 
15 Keokuk 33 Givin Ollie - - 3 -
16 Hamilton 14 Nicollet Stratford 3 - - -
17 Lyon 26 Primghar Rock Rapids 3 - - 1 
18 Bremer 4 Readlyn Frederika - 1 - -
19 Bremer 6 Tripoli Tripoli - 7 - 1 
Woodbury 71 Napa Salix 2 - 2 -
21° 
- Webster Ames - - - 1 
22 Harrison 15 Luton Mondamin - 1 - -
23 Adams 32 Macksburg Corning 8 - - 2 
^See footnote d of Table 28 for soil number used in the greenhouse competitive 
nodulation studies that corresponds to the site number given in this table. 
^Located on the Beach Ave. Agronomy Farm. 
Table 25 (Continued) 
Corn q .. Location 
Site yield City Ê W N S" 
Study mi. mi. mi. mi. 
24 Clay 14 Primghar Everly - 3 - 3 
25 Woodbury 56 Blencoe Salix 3 - - 1 
2 6  Woodbury 36 Albaton Salix - 2 2 -
2 7  Bremer 26 Floyd Waverly - - - 1 
2 8  Lyon 28 Galva George — 1 — 
29 Adams 31 Macksburg Corning 3 - - -
30 - Nicollet Ames - 6 - -
31 Harrison 13 Kennebec Dunlap - 2 - 2 
32 Fayette 58 Floyd Arlington - 2 - 2 
33 Fayette 59 Clyde Arlington 1 - - 4 
34 Wayne 40 Edina Seymour - - 5 -
35 Cass 5 Adair Atlantic 4 - 5 -
36 Cass 29 Marshall Atlantic 2 - - 7 
37 Crawford 23 Steinauer Denison - 2 3 -
3 8  Crawford 42 Shelby Vail - 4 - 6 
39 - Sac Royal - 1 - 3 
40 Linn 16 Sparta Center Pt. 4 - - -
41 Linn 9 Floyd Central City 1 - 2 -
42 Linn 45 Colo Fairfax - 1 - 1 
43 Linn 26 Hagéner Hiawatha - 2 - -
44 Harrison 45 Haynic Modale - 2 - 5 
45 Harrison 44 Sarpy Modale - 4 - 4 
4 6 Harrison 46 Napier Mo. Valley 1 - - -
47 Hamilton 25 Nicollet Kamrar - 6 - -
^Located on the main Agronomy Farm. 
"^Located in same field as site 6. 
Table 25 (Continued) 
. Corn Soil 
series 
Location 
Site^ yield 
study 
City E 
mi. 
W 
mi. 
N 
mi. 
S 
mi. 
4 8g — Nicollet Ames — 1 — 1 
49^ - Webster Ames - - - 1 
50f - Nicollet Stratford 3 - - -
51C 
- Primghar Everly - - - 3 
52 - Nicollet Ames - 6 - -
53 - Webster Ames - 2 3 -
54 - Webster Stanhope - - - 3 
55® 
- Ames - 1 - 1 
56 - * Ames - 2 3 -
57 - * Ames - 3 - 2 
58 - Webster Ames - 2 - 1 
59 - * Riplet - - - 1 
60 - Nicollet Ames - 1 2 -
61 - Nicollet Ames - 6 - -
62 - Webster Randal - 1 - -
63 Keokuk 46 Lamont Ollie 1 - 3 -
64 Howard 21 Rockton Cresco - 2 1 -
65 Howard 35 Waukegan Elma - - - -
66 Lyon 27 Gal va George - - 2 -
67 Crawford 51 Ida Dow City 1 - - 3 
68 Linn 43 Waukegan Lisbon - - 2 -
69 Fayette 51 Hagener Fairbank - - 1 -
70 Muscatine 34 Tama Cranston 2 - - 1 
^Located on Iowa State University Curtiss Farm. 
Located in the same field as site 3. 
^Symbol *=soil series given in Tables 5 and 6. 
Figure 14. Locations where soil samples were taken for 
determination of populations of R. jaeonicum 
in Iowa soils 
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Table 26. Correlation matrix for numbers of R. japonicum in the soil, frequency 
of growing soybeans, number of years out of soybeans, and various 
soil properties 
Variable 1* 2 3 4 5 6 7 8 
1 1.00 
2 0.50** 1. 00 
3 -0.58** -0.74** 1.00 
4 0.03 0.07 -0.04 1.00 
5 -0.10 -0.20 -0.02 0.10 1.00 
6 0.05 0.02 0.14 -0.03 -0.79** 1.00 
7 0.10 0.29 -0.18 -0.11 -0.48* -0.15 1.00 
8 0. 31* 0.25 -0.38* -0.09 -0.08 -0.23 0.45* 1.00 
^1 = log MPN count; 2 = number of years the field grew soybeans out of the 12 
years prior to sampling; 3 = numbers of years out of soybeans up to a maximum of 
12; 4 = soil pH; 5 = % sand; 6 = % silt; 7 = % clay; 8 = % soil organic matter. 
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Table 27. Populations of R. japonicum in soil samples ob­
tained from different sites during June and July, 
1967 and some soil properties of the corresponding 
sampless 
b c 
Populations ' Texture 
Site sample % % % % % 
1 2 Sand Silt Clay pH O.M. 
log/g soil 
1 <0.1 1.0 80 9 11 6.9 1.6 
2 1.0 0.2 39 33 28 5.6 3.3 
3 1.0 1.1 21 41 38 6.3 4.9 
4 1.9 1.5 23 57 20 7.9 2.4 
5 1.7 2.7 32 39 29 6.7 2.6 
6 0.8 2.4 17 45 38 5.6 4.6 
7 3.1 2 . 2  20 66 14 8.2 1.4 
8 3.5 2.2 33 36 31 5.8 6.1 
9 4.5 2.1 13 61 26 8.2 2.3 
10 < 3 . 0  <3.0 45 27 2 8  7.0 5.5 
11 <3.0 <3.0 21 55 24 5.7 3.5 
12 4.4 3.9 55 24 20 8.1 4.4 
13 3.6 4.5 17 61 22 6.5 3.1 
14 4.5 4 . 4  37 29 34 7.0 4.4 
15 4 . 3  4.3 15 54 31 6.8 3.8 
16 4.7 4.9 28 27 45 6.5 4.4 
17 4 . 4  4.4 17 47 36 6.5 4.9 
18 5.3 3.7 33 41 26 6.5 5.9 
19 3.8 5.3 48 23 2 9  6.9 5.2 
20 5.2 3.3 17 30 53 6.4 3.7 
21 5.2 3.7 34 34 32 5.8 4.4 
2 2  3.7 5.5 18 42 40 5.7 3.3 
23 5.1 4.7 16 50 34 7.0 3.5 
24 5.4 4,7 16 42 42 7.7 5.0 
25 5.1 4.9 32 44 24 6.4 3.8 
26 >5.4 4.5 20 19 61 6.6 1.4 
27 > 5 . 4  4.7 36 34 30 6 . 4  4.7 
28 >5.4 4.9 15 47 38 6.1 5.2 
29 5.4 5.1 15 49 36 6.1 6.1 
30 5.4 6.1 42 28 30 6.9 4.3 
31 6.1 5.4 17 58 25 7.6 2.5 
32 >4. 4 >4.4 35 31 34 6.7 6.0 
33 6.1 5.5 41 30 29 6.8 6.0 
34 >6.4 5.5 15 56 29 6.6 3 . 4  
^Separate counts are given for each sample. The aver­
age of the two samples is given for soil properties. 
Symbols <=less than; >=more than. 
'^The factor for the 95% confidence interval on the 
count is +0.52. 
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Table 28. Populations of R. japonicum in soil samples ob­
tained from different sites during July, 1969 
and some soil properties of the corresponding 
samples^ 
Site Population^ % % % % 
1 2 Sand Silt Clay pH O.M 
log/g soil 
35 <0.36 0 . 8 5  10 53 37 5.9 3.2 
36 3 . 3 8  * 10 54 36 5.8 3 . 6  
37 < 0 . 3 6  <0.36 40 26 34 7.7 2 . 8  
38 < 0 . 3 6  < 0 . 3 6  28 36 36 6.3 2.0 
39 5.90 5 . 5 2  20 40 40 6.1 4.9 
40 >6.00 >6.00 66 2 2  12 6.3 1.6 
41 2.70 2.90 32 46 22 6.3 3.6 
42 0 . 5 2  0.52 27 47 26 7.9 4.4 
43 2.52 3.34 64 23 13 6.3 0.8 
44 2.52 1.90 31 41 28 7.7 1.8 
31 4 . 5 2  4.69 6 70 24 7.4 2 . 6  
45 1.02 0 . 8 0  42 44 14 8.0 1.6 
46 4.23 4.69 10 67 23 6.1 3.6 
12 3.63 4 . 2 3  44 26 30 7.8 5.0 
47 0.90 < 0 . 3 6  34 34 32 5.7 4.9 
48 6.20 5.45 12 48 40 5.6 5.2 
49 5.34 5.38 52 30 18 5.6 2 . 5  
50 4 . 6 9  4.23 22 38 40 5.7 5.5 
51 3.69 3.69 20 38 42 5.6 5 . 4  
52 4.52 4.52 43 26 31 7.0 4.2 
53 5. 34 5.69 14 46 40 8.1 5.4 
54 5. 69 5.52 31 33 36 7.7 5.6 
^Separate counts are given for subsamples. The average 
of the two subsamples is given for soil properties. 
^For greenhouse competitive nodulation studies site 
35 = soil no. 1, site 36 = soil no. 2, site 37 = soil no. 3 
... site 54 = soil no. 22. 
^The factor for the 95% confidence interval on the count 
is +0.52. 
'^Symbols <=less than; >=greater than; *=uninoculated 
controls nodulated. 
Table 29. Cropping history of locations where soil samples were taken in June, 
1967 for estimation of numbers of Rhizobium japonicum present^ 
Site ' 67 ' 66 '65 ' 64 '63 ' 62 ' 61 ' 60 ' 59 '58 • 57 • 56 ' 55 
1 C S b  C M I I I Om C — — — — 
2 C C Om C M M 0 C C C Sb C Sb 
3 c  Sb M 0 Sb Om Sb C C C M 0 C 
4 Sb C C M M 0 C C C M M M M 
5 Sb C C C M I I I I I - - -
6 C C M 0 C M 0 C C C M 0 0 
7 C C Sb c  Sb C c  C C C - - -
8 C Sb C Sb 0 C c  C Sb M 0 C C 
9 C Sb C c  Sb c  Sb C Sb C I Om c  
10 Sb C C M 0 C C C M 0 C M 0 
11 Sb RC 0 Sb C M O C C M M M M 
12 Sb C Sb M  0 C Sb Om C C M 0 C 
13 C C Om C Sb C Sb C c  M  0 C Sb 
14 Sb C Sb Om Sb c  Sb Sb c  Om C C Sb 
15 C C C M 0 C C M M M 0 c  C 
16 C Sb C Sb C C M 0 C C M M 0 
17 C C Sb C Sb C Sb C C Om Sb C Om 
18 C C C C Om C C c  C C 0 0 0 
19 C Sb C Om C C M o  C C C Om C 
20 Sb C I I Sb I C Sb Sb Sb C C Sb 
21 Sb C M  Sb 0 - - - - - - - -
22 Sb C Sb C Sb c  Sb c  Sb C - - -
23 Sb C Sb C Sb M 0 C Sb c  Sb C M 
24 Sb C Om C Sb C Sb C C C Om C Om 
25 Sb C M M M Sb C Sb C C C c  C 
26 C Sb C Sb C C I I I I I C C 
^C=corn; Sb=soybeans; M=meadow; O=oats; W=wheat; Om=oats seeded to alfalfa; 
Bg=bluegrass; RC=red clover; I=idle land; -= unknown. 
Table 29 (Continued) 
Site '67 '66 '65 '64 '63 '62 '61 '60 '59 '58 '57 '56 '55 
27 C C Sb r M 0 C C M 0 c  c  M 
2 8  C Sb C Sb C Sb C Bg Bg Bg Bg Bg Bg 
2 9  C Sb C C C Sb Sb C Sb c  Sb c  c  
30 Sb C C C c  C C C - - - - -
31 Sb C Sb C Sb C w  0 C c  - - -
32 C C Sb C Sb Sb Sb C c  Sb - - -
33 C Sb C C C C C C c  M  M  0 0 
34 C Sb Sb Sb C Sb C c  M M M M M 
a> 
Table 30. Cropping history of locations where soil samples were taken in July, 
1969 for estimation of numbers of R. japonicum present^ 
Site •  6 9  '  6 8  '  6 7  '  6 6  ' 6 5  '  6 4  • 6 3  ' 6 2  •  6 1  •  6 0  •  5 9  •  5 8  '  5 7  
3 5  C  M  Om C  C  M  M  M  M  M  M  M  M  
3 6  C  C  M  0  C  C  M  0  C  C  M  0  C  
3 7  c  M  M  0  C  C  M  M  M M M C  C  
3 8  > M Om c  M 0  C  M 0  c  M 0  C  3 9  Sb C  c  M 0  C  M 0  C c  c  M 
4 0  c  Sb C c  C Sb C C M 0  c  c  M 
4 1  c  C  C  c  C  M M M M I  I  I  I  
4 2  c  M Om c  C  M 0  C  c  M 0  c  C 
4 3  M  M C  M  M  0  c  C  M  M  0  c  C  
4 4  c  M C  C  Om C  c  c  Om c  c  c  c  
3 1  Sb C  Sb c  S b  c  Sb c  W 0  c  c  0  
4 5  C  M C  Om W w  W w  W - - - -
4 6  C W W M C  Om C c  c  c  c  c  C  
1 2  Sb C Sb C  Sb M 0  c  Sb Om c  c  M 
4 7  0  Sb C  M  M  0  C  c  M M 0  c  C  
4 8  Sb Sb C  C  C  C  c  c  C  C  c  - -
4 7  Sb C  Sb C  M  Sb G  - - - - - -
5 0  * Sb M  M  M  M  M  M  M  M M M M 
5 1  * Sb C  Sb M 0  Sb Om Sb c  C  C  M 
5 2  Sb C M 0  Sb Sb 0  C  C  C  - - -
5 3  Sb C  Sb Sb M M C  Sb M  M  0  c  Sb 
5 4  C  Sb C  S b  C  C  M  M M  M M M  — 
^C=corn; Sb=soybeans; M=meadow; O=oats; W=wheat; Om=oats seeded to alfalfa; 
Bg=bluegrass; RC=red clover, I=idle land. 
^Symbol * means samples were taken in 196 8. 
Figure 15. Locations where nodule samples were taken for 
determination of variation within serogroups 
of R. japonicum 
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Table 31. Results of serological and phage typing of R. japonicum isolates from 
nodules of field grown soybeans 
Site Isolate 
number Test 
Isolate letter 
A B C D E F G H I J 
10 1 Agg. 123 123 123 123 123 123 135 123 123 135 
Phage _ a - 123 123 123 123 135 123 123 -
11 3 Agg. - 110 31 31 31 31 - 31 31 31 
Phage - 31 31 31 - 31 - 31 31 -
68 4 Agg. 110 123 110 110 110 123 110 3 123 3 
Phage 110 - 110 110 110 123 110 3 123 3 
69 5 Agg. 31 3 3 123 123 123 31 31 3 31 
Phage 31 - 3 123 123 123 31 31 3 -
70 6 Agg. 123 31 123 31 123 - 123 - 123 123 
Phage - 71 - - 123 - - - - -
63 7 Agg. 71 117 117 71 117 117 71 31 31 31 
Phage - -  - - - - • - - - 31 31 31 
64 8 Agg. 123 31 31 123 117 31 123 123 123 123 
Phage - 31 - 123 - 31 - - - -
65 9 Agg. - 123 - 123 123 123 123 123 123 123 
Phage - 123 - - 123 123 - - - -
12 11 Agg. 135 135 135 - 135 135 135 135 135 135 
Phage 135 135 135 - 135 135 135 135 31 135 
31 12 Agg. 123 123 135 123 123 123 123 123 123 123 
Phage 123 123 135 123 - 123 123 123 - 123 
24 13 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage 123 123 123 123 123 123 123 123 123 123 
5 14 Agg. - 3 3 3 3 - - - 31 71 
Phage - - - - 71 - - - 71 71 
^Symbol = negative reaction. 
Table 31 (Continued) 
. Isolate Isolate letter 
number KLMNOPQRST 
10 1 Agg. 123 123 123 135 135 110 135 135 - 123 
Phage 123 123 123 - - 110 135 - - -
11 3 Agg. 110 31 110 110 123 110 - 3 110 31 
Phage 110 31 - 110 123 31 - 3 110 31 
68 4 Agg. 3 123 123 123 123 123 123 110 117 110 
Phage - 110 123 123 123 12 3 123 110 123 110 
69 5 Agg. 123 3 31 3 3 31 123 3 3 31 
Phage 123 3 31 123 - 31 - - 3 -
70 6 Agg. 31 - 110 110 123 - 110 110 110 123 
Phage 31 - 110 110 - - 110 110 110 123 
63 7 Agg. 117 117 31 123 3 31 31 31 31 123 
Phage - 117 31 123 3 31 31 31 31 -
64 8 Agg. 123 123 31 123 123 31 31 31 - 123 
Phage - - 31 - 123 31 31 31 - -
65 9 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage - 12 3 - - - - - - - -
12 11 Agg. 135 135 135 135 135 135 135 135 135 135 
Phage 135 135 135 135 3 135 135 135 135 135 
31 12 Agg. 123 123 123 - 123 - 123 123 123 123 
Phage 123 123 123 - 123 - 123 123 123 135 
24 13 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage 123 123 123 123 123 123 123 123 - 123 
5 14 Agg. 123 - 3 - 123 - - 123 - 117 
Phage - - - - - - - - - -
Table 31 (Continued) 
lite Isolate 
number Test A B C D 
67 15 Agg. 3 123 117 71 
Phage 3 123 117 71 
25 16 Agg. 110 110 110 110 
Phage 110 110 110 110 
14 17 Agg. 123 123 123 123 
Phage - - 123 123 
4 16 Agg. 123 123 123 123 
Phage 123 123 - -
22 19 Agg. 123 123 135 123 
Phage 123 123 135 123 
20 20 Agg. 123 123 123 123 
Phage - 123 123 -
23 21 Agg. 123 123 110 123 
Phage - 123 110 -
66 22 Agg. 71 123 123 123 
Phage - - 123 123 
21 23 Agg. 123 123 123 123 
Phage 123 123 123 123 
30 24 Agg. 123 123 117 110 
Phage 123 123 117 123 
E F G H I J 
123 31 31 123 31 31 
- 31 31 123 31 -
123 123 123 110 - 31 
123 123 123 71 - 123 
135 123 123 123 123 123 
135 123 123 123 123 123 
110 123 123 135 123 123 
110 - - - - 123 
123 135 110 123 123 135 
123 135 110 123 123 135 
123 123 123 123 123 123 
123 123 123 123 123 123 
123 123 110 123 110 123 
- 123 110 123 110 -
123 123 123 123 123 123 
123 123 123 123 123 -
123 123 123 123 125 123 
123 - - - 123 123 
123 110 110 123 123 123 
123 123 110 123 123 -
Table 31 (Continued) 
Isolate ^ ^ Isolate number 
• _L ut; 
number J. t: iD u K L M N 0 P Q R S T 
67 15 Agg. 71 123 123 117 123 31 31 123 31 31 
Phage 71 - 123 123 123 71 31 123 71 71 
25 16 Agg. 110 110 110 110 110 123 123 31 110 123 
Phage 110 123 123 117 110 123 123 123 110 123 
14 17 Agg. 123 3 123 135 123 123 123 135 135 135 
Phage 110 3 135 123 135 123 123 135 135 135 
4 18 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage - - 123 - 123 123 - - - -
22 19 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage 123 123 123 123 123 123 123 123 123 123 
20 20 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage 123 - 123 123 - 123 - 123 123 123 
23 21 Agg. 123 110 3 123 123 123 123 3 110 110 
Phage - 110 3 - 123 - 123 - 110 110 
66 22 Agg. 123 123 110 123 123 123 123 123 123 123 
Phage 123 123 110 123 123 - 123 123 123 123 
21 23 Agg. 123 123 123 123 123 123 123 123 123 123 
Phage 123 123 123 123 123 123 123 - - 123 
30 2 4  Agg. 110 123 123 110 110 123 123 123 123 123 
Phage 110 123 - 110 110 - - 123 - -
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Table 32. Distribution of nitrate plus ammonium nitrogen in 
the top 8 cm of 15 cm diameter clay pots at 2 times 
after addition of 0.2 8 g of N to the bottom of 
the pots^ 
Depth 5 day s 
^0 ^1 ^1 
cm ug N/g soil u g  N/g soil ug N/g soil ug N/g soil 
0-2 3. 3  ( 0 . 6 ) C  3. 0 (1.0) 2.7 (2.0) 14.0 (2.0) 
2-4 4. 0 (1.0) 2. 7 (1.1) 2.7 (1.5) 27.3 (3.0) 
4— 6 3. 3  ( 2 . 0 )  3. 3 (1.5) 2 . 3  (0.6) 50.7 (5.5) 
6~ 8 3. 0 (1.0) 2. 3 (1.1) 2.0 (1.0) 77.0 (6.8) 
^The equivalent of 90 ppm nitrogen in the form of 
ammonium nitrate was added as a solution via a tube to the 
sand layer in the bottom of the pot. 
= immediately after addition of the nitrogen solution. 
"^Standard deviation is given in parentheses. 
Table 33. Some soil properties of the sites used in the 
field inoculation studies 
Available nutrients Texture 
Site N 
kg/ha 
P 
kg/ha 
K 
kg/ha 
% 
Sand 
% 
Silt 
% 
Clay PH 
% 
O.M. 
39 95 44 246 20 40 40 6.1 4.9 
4 8  56 8 0  179 12 4 8  40 5.6 5.2 
5 0  95 53 148 2 2  3 8  40 5.7 5.5 
51 101 95 514 2 0  3 8  42 5.6 5.4 
52 56 4 8  168 4 3  2 6  31 7.0 4.2 
5 3 g  46 - 6 9 0  14 46 40 8.1 5.4 
54^ 103 4 102 31 33 36 7.7 5.6 
60 95 40 110 20 34 46 6 . 4  5.1 
61 72 8 6  193 41 2 9  30 6 . 9  4 . 4  
6 2  71 213 605 19 25 26 6.9 4.6 
^Approximately 56 kg of P and 112 kg of K was applied 
per ha to this site after the soil test. 
^Approximately 56 kg of P was applied per ha to this 
site after the soil test. 
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Table 34. Serotype that formed the greatest percentage of 
nodules on soybeans grown for 70 days in the 
field and the percentage of nodules formed by it 
Site Serotype % Nodules 
39 123 91 
51 123 99 
50 123 8 9  
54 123 93 
48 123 76 
52 123 94 
60 123 100 
61 123 77 
62 123 84 
53 135 91 
Table 35. Serotype that formed the greatest percentage of 
the nodules on soybeans grown for 6 weeks in un-
inoculated soils used in the greenhouse competi­
tion study and the percentage of nodules formed by 
the dominant serotype 
Soil no. Serotype % Nodules 
1 123 85 
2 110 100 
3 123 100 
4 123 100 
5 123 76 
6 123 73 
7 123 61 
8 123 100 
9 123 50 
10 135 95 
11^ 123 56 
12^ 123 0 
13 123 77 
14 135 100 
15 123 70 
16 123 90 
17 123 72 
18 123 86  
19 123 92 
20 123 88  
21 123 57 
22 135 89 
^Nodules were negative to all antisera but antiserum 123 
was used for serotyping for comparative purposes. 
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Table 36. Percentage of the nodules on the tap, lateral and 
whole roots of soybeans grown in a greenhouse for 
6 weeks formed by serotype 138 when added as ino­
culum at 3 levels to 22 soils with different 
native populations of R. japonicum^'^ 
Inoculum level 
Soil Native ^ 
numbers 
Tap root 
none 4.65 6.65 8.65 
It <0.70 0 100 100 100 
2 3 . 3 8  0 32 66 100 
3t <0.36 0 100 100 100 
4t <0.36 0 98 100 100 
5 5 . 7 0  10a 0 20ab 46b 
6t >6.00 0 0 0 6 2  
7 2.40 0 76 91a 98a 
8t 0 . 5 2  0 100 100 100 
9 3.08 5 51a 67ab 87ab 
10 2 . 3 0  0 31 96a 98a 
11 4.61 0 0 27 6 9  
12t 0.95 0 100 100 100 
13 4.52 0 11 52 78 
14t 3 . 6 9  0 0 0 64 
15 <0.68 0 52 100a 100a 
16 5.95 0 0 9 58 
17 5. 36 0 0 7 66 
18t 4.52 0 0 0 44 
19 3.69 0 13 51 8 9  
20 4 . 5 2  0 0 28 74 
21 5.54 2 0 27 75 
22 5.61 0 0 5 74 
1 
Treatments within soils with letters in common were not 
significantly different at the 0.05 level of significance 
using Duncan's new multiple-range test. 
2 
Inoculum level is the log of the number of cells added 
per 2.5 cm of row. 
^Symbols <=less than, >= more than, t=statistical test 
not applicable. 
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Table 36 (Continued) 
Inoculum level 
Soil^ Native ^ Tap root 3 
numbers none 4.65 6.65 8.65 
It <0. 70 0 100 100 100 
2 3. 38 0 11 69 100 
3f <0. 36 0 100 100 100 
4f <0. 36 0 100 100 100 
5 5.70 0 0 23 72 
6t >6.00 0 0 0 58 
7 2 . 40 0 48 80 9 6  
8t 0.52 0 100 100 100 
9 3.08 26a 34a 78b 74b 
10 2. 30 0 20 91 100 
11 4. 61 0 2 42 74 
12t 0.95 0 100 100 100 
13 4.52 0 7 20 81 
14t 3.69 0 0 0 54 
15 <0.68 0 53 100a 100a 
16t 5.95 0 0 0 57 
17 5. 36 0 0 2 67 
18 4.52 0 0 3 39 
19 3. 69 0 7 35 100 
20 4. 52 0 0 18 48 
21 5.54 0 0 15 52 
22 5.61 0 0 4 56 
Whole Roots 
It <0.70 0 100 100 100 
2 3.38 0 29 66 100 
3t <0.36 0 100 100 100 
4t <0. 36 0 99 100 100 
5 5.70 1 0 23 64 
6t >6.00 0 0 0 60 
7 2.40 0 57 84 97 
8t 0.52 0 100 100 100 
9 3.08 32a 37a 73b 79b 
10 2. 30 0 27 91a 99a 
11 4. 61 0 1 33 74 
12t 0.95 0 100 100 100 
13 4.52 0 8 33 79 
14t 3.69 0 0 0 59 
15 <0 .68 0 52 100 100 
16 5.95 0 0 5 57 
17 5. 36 0 0 3 47 
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Table 36 (Continued) 
2 Inoculum level 
Soil Native ^ Whole roots 
numbers none 4.65 6.65 8.65 
18 4. 52 0 0 3 40 
19 3.69 0 9 42 96 
20 4.52 0 0 23 57 
21 5. 54 1 0 19 61 
22 5.61 0 0 5 68 
159 
Table 37. Percentage of the nodules on the tap, lateral and 
whole roots of soybeans grown in a greenhouse for 
6 weeks formed by serotype 110 when added as 
inoculum at three levels to 22 soils with different 
native populations of R. japonicum^/^ 
3 Inoculum level Soil^ Native . Tap root 
no. numbers none 4.95 6 . 9 5  8.95 
It <0.70 0 100 100 100 
2t 3. 38 100 100 100 100 
3+ <0.36 0 100 100 100 
4 < 0 . 3 6  13 100a 100a 100a 
5t 5. 70 0 0 0 34 
6 >6.00 0 5 0 17 
7 2. 40 0 32 74 92 
8t 0.52 0 100 100 100 
9 3.08 0 24 82a 84a 
10 2.30 0 79 100a 100a 
11 4.61 0 0 32a 37a 
12t 0.95 0 100 100 100 
13 4.52 45a 54a 6 8ab 86b 
14 3.69 0 0 17 32 
15 < 0 . 6 8  0 46 92 100 
16 5. 95 0 0 8 33 
17 5. 36 3a 0 13a 52 
18 4.52 0 0 11 30 
19t 3. 69 0 0 0 63 
20 4.52 0 0 10 46 
21 5.54 2 0 44a 35a 
22 5. 61 0 9a 4a 41 
Treatments within soils with letters in common were 
not significantly different at the 0.05 level of signifi­
cance using Duncan's new multiple-range test. 
2 Inoculum level is the log of the number of cells 
added per 2.5 cm of row. 
^Symbols <=less than, >=more than, t=statistical test 
not applicable. 
^Log native population per g of soil. 
Soil 
no. 
If 
2t 
3t 
4t 
5 
6t 
7 
81-
9 
10 
11 
12t 
13 
14 
15 
16 
17 
18 
19t 
20 
21 
2 2t 
It 
2t 
3t 
4 
5 
6 
7 
8t 
9 
10 
11 
12t 
13 
14 
15 
16 
17 
18 
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37 (Continued) 
Native ^ 
numbers 
Inoculum level 
lateral roots 
none 4.95 6.95 8.95 
<0.70 
3. 38 
<0.36 
<0.36 
5. 70 
>6.00 
2.40 
0. 52 
3.08 
2. 30 
4.61 
0.95 
4.52 
3.69 
< 0 . 6 8  
5.95 
5.36 
4.52 
3.69 
4.52 
5.54 
5.61 
< 0 . 7 0  
3 . 3 8  
<0.36 
< 0 . 3 6  
5.70 
>6.00 
2.40 
0.52 
3.08 
2.30 
4.61 
0.95 
4.52 
3.69 
< 0 . 6 8  
5.95 
5.36 
4.52 
0 100 100 100 
100 100 100 100 
0 100 100 100 
0 100 100 100 
0 3a 8a 33 
0 0 0 19 
0 28 50 83 
0 100 100 100 
4 32 64 85 
0 47 95a 91a 
2 0 22 42 
0 100 100 100 
52ab 32a 57ab 76b 
0 0 10 33 
2 45 96 100 
0 3a 5a 9a 
0 0 4 52 
3a 2a 4a 27 
0 0 0 61 
0 0 14 34 
2 0 17a 25a 
0 0 0 19 
Whole root 
0 100 100 100 
100 100 100 100 
0 100 100 100 
4 100a 100a 100a 
0 3a 7a 34 
0 2 0 18 
0 28 58 85 
0 100 100 100 
0 16 67 86 
0 64 98a 94a 
1 0 25 39 
0 100 100 100 
50ab 42a 63ab 80b 
0 0 13 36 
1 46 94 100 
0 2a 6a 13 
10a 0 10a 49 
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Table 37 (Continued) 
3 Inoculum level 
Soil Native ^ Ifhole root 
no. numbers none 4.95 6.95 8.95 
191- 3. 69 0 0 0 62 
20 4.52 0 0 13 42 
21 5.54 2 0 24a 29a 
22 5.61 0 4a 2a 28 
Table 38. Nodule number on the tap root and lateral roots of pot grown soybeans 
large enough for serotyping of 2 R. japonicum strains added as 
inoculum at 3 levels to 22 soils^ 
Inoculum strainb ~ 
Soil none 110 138 
no. 4.95 6.95 8.95 4.65 6.65 8.65 
Tap root 
1 0 25 43 6 8  54 34 54 
2 31 36 21 2 8  35 3 8  43 
3 2 21 16 9 18 34 3 8  
4 6 23 34 34 31 33 4 0  
5 2 7 27 27 39 21 34 42 
6 63 70 62 49 69 67 76 
7 47 29 35 12 35 54 61 
8 0 15 2 8  3 6  40 42 57 
9 25 14 24 73 2 8  33 33 
10 16 39 39 2 9  36 34 6 9  
11 34 59 61 44 37 75 51 
12 2 18 11 35 18 52 6 9  
13 67 62 46 57 5 8  65 54 
14 51 53 41 37 50 42 56 
15 16 31 32 39 33 43 64 
16 62 48 51 33 48 46 50 
17 49 4 8  49 3 58 47 48 
18 21 12 17 11 26 2 6  23 
19 24 41 3 9  38 2 6  35 30 
20 29 39 21 32 24 35 24 
21 58 64 46 33 55 4 2  58 
2 2  40 42 38 30 47 31 59 
^Nodule number is for the 6 plants of the given treatment. Nodules were 
larger than 1 mm in diameter. 
'^Inoculum level is the log of the number of cells added per 2,5 cm of row. 
Di; 
no, 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
8.65 
85 
22 
15 
32 
6 0  
47 
74 
65 
55 
4 2  
114 
35 
93 
57 
61 
63 
55 
165 
40 
46 
8 8  
38 
38 (Continued) 
Inoculum strain 
none 110 138 
4.95 6 . 9 5  8.95 4 . 65 6 . 65 
25 43 6 8  54 34 54 
23 16 18 20 13 2 8  
15 25 23 23 13 33 
13 2 8  26 2 8  19 36 
108 120 132 8 6  137 81 
54 61 4 8  49 46 42 
73 72 6 8  56 70 75 
45 47 44 29 29 57 
49 66 46 42 61 4 8  
35 32 29 51 36 6 8  
139 120 120 103 109 74 
6 31 67 63 45 3 5  
97 60 77 84 9 6  78 
59 54 51 30 47 40 
42 36 23 15 23 2 6  
9 0  81 61 70 5 6  30 
65 49 36 42 6 0  60 
130 126 159 94 1 2 2  155 
60 6 8  55 41 32 33 
32 95 51 57 44 45 
102 93 8 8  88 85 101 
41 52 42 38 23 49 
Table 39. Pertinent statistical values obtained from a multiple regression 
analysis on the percent recovery of the inoculum serotype in soybean 
nodules grown in 22 soils as affected by various independent variables 
(l)b (2) (3) (4) (5) (6) (7) (8) (9) (10) 
1 3 8  1^ 47.17 -3. 49 12 . 14 -0.2 — - — — 
2 7.06 16 . 93 2 . 0 3  8 . 3 * * *  - - - -
3 4. 31 -16.00 2 . 31 - 6 . 9 * * *  - - - -
- - - - - 2 6  185 . 4 3 8 . 2 * * *  0  .  8 6  
110 1 42. 71 27.23 13.44 2 . 0 3 *  - - - -
2 7. 59 11.41 1.95 5 . 8 5 * * *  - - - -
3 4.01 -17.73 1.74 - 1 0 . 1 6 * * *  - - — -
- - - -
- 25 1 7 0 .  8  5 2 . 6 * * *  0 . 9 0  
110 1 42. 71 34 . 17 13.04 2 . 6 2 *  - - - -
2 7.59 10. 40 1.66 6. 2 8 * * *  - - - -
3 4.01 -16.25 1.53 —10.66*** - - - -
4 28.07 0.91 0.45 2 . 0 4 *  - - - -
5 3. 72 - 8 .  3 3  2.53 -3.31** - - - -
— 
- -
-
— 23 119.9 40.6*** 0.94 
^Symbols *=significant at the 0.05 level, **=significant at the 0.01 level 
and ***=significance at the 0.001 level. 
^(1) Inoculum strain; (2) variable; (3) variable mean; (4) b value; (5) 
standard error of b; (6) T value for b, (7) degrees of freedom for error mean 
square; (8) mean square error; (9) F value for regression; and (10) correlation 
coefficient. 
^l=percent of the nodules formed by the inoculum serotype; 2-log number of 
R. japonicum added per seed; 3=log numbers of native R. japonicum per g of 
soil; 4=% clay; 5=% soil organic matter. 
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Table 40. Correlation coefficient as affected by dropping 
various variables from a multiple regression equa­
tion used to explain the percent of soybean nodules 
formed by the inoculum serotype on soybeans grown 
in 22 soils 
Strain 
added 1^ 2 3 4 5 6 7 r 2 r 
+ + + + + + 0.88** 0.78 
+ + + + - + + 0.88** 0 . 7 7  
+ + + + - + - 0 . 8 8 * *  0.77 
+ + + - - + - 0.87** 0. 76 
+ + -f - - - - 0.85** 0. 75 
+ + + + + + + 0.94** 0.88 
+ + + + + + - 0.94** 0.88 
+ + + - + + - 0.94** 0.88 
+ + + _ _ 0.90** 0. 81 
^1 = % of nodules formed by serotype added; 2 = log 
number of rhizobia added per seed; 3 = log number of native 
rhizobia per g of soil; 4 = % sand; 5 = % clay; 6 = soil pH; 
7 = % soil organic matter. 
^Symbols + = variable included; - = variable dropped; 
** = significance at the 0.01 level. 
Table 41. Correlation coefficients of variables used in the multiple regression 
analysis of the greenhouse inoculation experiment of 22 soils with 
2 strains of R. japonicum 
Inoculum 
strain Variable 1 2 3 4 5 6 7 
1 3 8  i g  1 . 0 0  
2  0 . 5 3 * *  1 . 0 0  
3  ~ 0 .  2 6  0  . 5 7 * *  1 . 0 0  
4  0 . 1 3  0  .  2 0  0 . 0 3  1 . 0 0  
5  -0 20 - 0 . 0 3  0 . 0 7  - 0 . 5 1 * *  1 . 0 0  
6  - 0 . 2 0  0 . 1 2  0 . 2 5  - 0 . 2 8  0 . 7 9 * *  1 . 0 0  
7  0 . 0 4  0 . 1 3  0  .  0 5  0 . 2 4  - 0 . 2 0  - 0  . 2 7  1 .  0 0  
110 1  1.00 
2  0 .  1 3  1 . 0 0  
3  - 0 . 7 4 * *  0 . 4 5 *  1 . 0 0  
4  0 . 1 7  - 0 .  0 7  - 0 .  1 4  1 . 0 0  
5  - 0 .  2 5  0 . 0 3  0 . 1 8  - 0 . 7 4 * *  1 . 0 0  
6 - 0  . 4 5  - 0 . 0 1  0  .  2 4  - 0  .  5 2 * *  0 . 8 4 * *  1 . 0 0  
7  0 .  0  r .  - 0  .  1 5  - 0 . 0 5  - 0 . 0 8  0 . 0 1  -0. 1 7  1 .  0 0  
1 = percent of nodules formed by inoculum serotype; 2 = log number of R. 
japonicum added per seed; 3 = log number of native R. j aponicum per g of soil; 
4 = % sand; 5 = % clay; 6 = % soil organic matter; 7 - soil pH. 
^Symbols *=significance at the Q.05 level; **=significance at the 0.01 
level. 
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Table 42. Elements of the inverse matrix for the experimental 
designs used in the greenhouse inoculation experi­
ment of 22 soils with two strains of R. japonicum 
Inoculum Independent 3 2 3 4 
strain variables 
138 1^ 0.022215 
2 -0.014474 0.028708 
110 1 0.022202 
2 -0.008933 0.017809 
110 1 0.022852 
2 -0.009886 0.019392 
3 -0.000636 0.000491 0.001672 
4 0.005551 -0.007132 -0.007821 0.052827 
^1 = log number of R. japonicum added per seed; 2 = log 
number of native R. japonicum per g of soil; 3 = % clay; 
4 = % soil organic matter. 
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Table 43. Nitrate nitrogen in the 22 soils used in the 
greenhouse competitive inoculation studies at 
planting and at the time modulation measurements 
were made 
Soil 
no. 
Planting^ 
ug N/g soil 
Harvesting^ 
1 2 
ug N/g soil 
1 37 2 2 
2 36 1 1 
3 47 4 3 
4 49 2 1 
5 60 3 2 
6 2 2  1 2 
7 29 2 2 
8 2 8  2 2 
9 2 9  2 3 
10 17 2 2 
11 41 3 2 
12 20 3 3 
13 2 6  1 1 
14 2 4  3 4 
15 2 5  3 2 
16 8 3  5 4 
17 2 6  2 2 
18 74 3 3 
19 61 2 2 
20 2 9  3 3 
21 22 3 4 
22 34 5 5 
^Duplicates were run on 5 samples and the widest range 
between duplicates was 3. 
^1 and 2 refer to different pots picked at random from 
the given soil. 
